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PREFACE. 

The snl)jcct ' treated in the present volume is one which 
has had a rcmarkal)ly rapid growth. Its wonderful develop- 
ment has taken place within a comparatively few years and 
consequently up to the present the study of it has been con- 
fined almost entirc'ly to the realm of research. The funda- 
mentals of the subject however have now been pretty thor- 
oughly investigated and placed on a somewhat definite working 
basis and it is felt that it has reached the stage when it may 
with advantage be introduced, to some extent, into the regular 
lecture and laboratory courses of the colleges. The investiga- 
tions in the subject of gaseous ionization in general have’ 
increased our knowledge of physical phenomena, especially in 
connection with electricity, to such a marked degree and have 
attracted such widc-s])rcad attention that we believe every 
student of physics ought to have at least some knowledge of 
the facts in this connection. .Since, as far as we know, there 
did not exist what may he called any regular college text- 
book on the subject, or manual describing an experimental 
course, suitable for the less advanced student or undergraduate, 
the present text-book was undertaken. We therefore hope 
that it may find a place and fill a growing need in a compara- 
tively new field. 

Owing to the existing conditions in connection with the 
subject, the plan of a combined text-book and laboratory man- 
ual has been ado])ted as one which seemed to be most useful 
to the student in general. Our aim has been to present in 
simple form the fundamental facts and explanatory theories 
accompanied, where possible, by the dcscri])tion of suitable 
experiments to be performed in the laboratory so as to enable 
the average stndent to gain a working knowledge of the main 
facts and ])rinciplcs of the subject without going too much into 
details, and to form for those wishing to continue the work a 


VI 
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In most cases the results 1.(5 he expected from the (‘\peii- 
ments are given so that the student may know wliat to lo..k for, 
as in this class of experiments, ])rohahly more than in almosi 
any other, the inexperienced are apt to he le<l astray hy iuto- 
neous results which arise from incorrect manipulaiiou ot want 
of proper precautions. In addition, this plan (dlows the honk 
to be used as an ordinary li'xt hook without actually piu iorm 
ing the experiments, if so desired, 

To aid in selecting the cxj^eriuK'nls from the rest of the text 
a complete list of them is given at the heginning of the hook 
and the more difficult ones are iiulicalt'd llierein. 1 lu' latter 
experiments may with advantage he omitted from an ele 
mentary first course. .Mven in the ease of the mori' elementary 
experiments in a great many instances they do not necessarily 
depend upon the preceding ones and conseciuently the in- 
structor may easily make, a selection, without hrc'aking the 
continuity, to fill the needs of a class retpiiring a .sluu’ter 
course. 

As the methods rc(|uired in the experiments in this elass of 
work arc different from those of any other ami a large por- 
tion of the apparatus has to be speeially made, tlu' deserip- 
tions of methods and apparatus have been given in soiiu* detail 
and a lengthy chapter, namely (lhaph'r IT, has been devoted to 
general descriptions along this Hue. In this eoimeetiou we 
have also had in mind re.scarch siudenls hegiiming this tyju* 
of work as it is found that they usually encounter dinieuItie.H 
of this particular nature at the outset. 

On account of the continual development of the .suhjeel 
numerical values of constants, etc., fre(iiu*ntly sulTer ehaugt' 
owing to improved methods of determination. In these cases 
an endeavor has been made to give such values as are geiuTally 
accepted at the present date. 

My thanks are due to Mr, G. Dunn, of tlie Dhysies Ilnilding 
in McGill University for kind assistance in prcparijjg some 
photographs for illustration. 

R. K. McCi.unc. 

Winnipeg, Man., 

November, 1909. 
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PART . • 

CONDUCTION OF ELECTRICITY THROUGR GASES. 


CHAPTER 1. 

INTRODUCTORY EXPERIMENTS ON ELECTRIC 
DISCHARGE. 

1. Introduction. — Ordinary gases under normal conditions 
are practically non-conductors of electricity. When however 
a difference of potential is established between two points in a 
gas a state of strain exists in the gas which increases with 
increase of potential until the gas, no longer able to withstand 
the strain, breaks down and a discharge of electricity passes 
between the points, either in the form of a brush discharge or 
a more violent disruptive spark. The potential necessary to 
cause such a discharge is comparatively high, several thou- 
sand volts being required to produce a spark of one centimeter 
length in air at atmospheric pressure. The potential required 
depends upon the nature and the pressure of the gas and the 
shape of the electrodes. As the ordinary spark discharge 
forms a connecting link between the general subject of elec- 
tricity (with which all who read this are supposed to be famil- 
iar) and the more particular one of the conduction of elec- 
tricity through gases, and since the effect of gas pressure on 
this discharge has played such an important part in the devel- 
opment of our subject, we will beg^n with a few introductory 
experiments thereon. 

2 . Brush Discharge, — ^Attach a pair of combs, consisting 
of a set of sharp needle points as shown in Fig. i, to the poles 
of either a Wimshurst machine without any Leyden jars, or 
an induction coil. Excite the Wimshurst machine or indue- 



tion coil and observe in a darkened room llie j^low surround' 
ing these points in the air. t Hiserve Ihe in- 
HI crease of this glow or l)rush discharge with 

~ increa.se of voltage. 

^ Spark Discharge from Induction Coil, 

z: — An induction coil ea])a 1 )le (tf giving :i 

^ maximum spark of from J5 to 30 I'ln. wil! 

l)e found .suitable for these experiim-nls 
although a slightly .smaller one will st'rve the ]nirpose. 

(a) In a darkened room cause a s])ark to pass helwt'cu llu: 
tenninalSj either pointed or splierieal, of the secondary of (he 
induction coil. Adju.st the current in (he ])rimarv and, slartiuf; 
with a spark length of a centimeter or two, gradually increase 
the spark gap and ob.serve carefully the nature of llie sparl< 
produced in air at the various stages. ( )hserve the irregnlarit) 
of path as the length increases. 

(&) Closing the make-and-hreak allachmenl of the indue- 
tion coil pass an alternating current through the* primary am' 
observe carefully the nature of the di.scliarge bet ween (he 
terminals of the secondary. Compare this dischargi- with thal 
obtained from the direct current and ohserve carefully tin. 
difference. 

4. Relation Between Length of Spark and Potential. 'Ft 
determine experimentally the relation hetweim the h'ugth o| 
a spark in air and the minimum poleiilial iieeessary to [trodiiei, 
it, the following apparatu.s will 1)e found conveuieut: (1 ) 
small two-platc Wimshurst in[lueuce machine having plale- 
35 to 40 cm. in diameter; (2) a hattery of eight or ten l.eydei' 
jars, each of a capacity of about 1500 eleetntst.atie units 
(3) electrostatic voltmeter with range extending from 
or 300 volts to about 30,000 volts; (4) an adjustable spaiit 
gap with spherical terminals mounted so that tlu' distanet! 
between them may be adjusted and detennined aeenrately I)}! 
means of a fine screw adjustment, (’onnect the dilTerent part?! 
of the apparatus together as indicated in Fig. 2, See that ihti 
terminals of the spark gap are clean and well polished. After 
the passage of each spark repolish them with a piece of ehatm 
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point where it passes. Keep the terminals also free from dnst 
or moisture. Place the terminals of the spark gap in contact. 



This may be determined with certainty by observing the volt- 
meter, for it will read zero even when the Wim.shurst machine 
is working if the spheres are in contact, since there is no poten- 
tial difference between them. Separate the terminals a small 
fraction of a millimeter and very slowly turn the influence 
machine and carefully watch the movement of the voltmeter 
needle until it suddenly returns to zero when a spark has 
passed. Observe this maximum reading of the voltmeter and 
also the length of s])ark gap as indicated by the screw attach- 
ment. Gradually increase the length of spark gap by small 
stages and observe the potential necessary to ])rodiicc a spark 
in each case. Then plot a curve having Icuglhs in centimeters 
for abscis.sae and corresponding voltages for ordinates. 

5. Effect of Pressure on the Electric Discharge,~The pres- 
sure of the gas has a very marked effect on the appearance 
and nature of the electric discharge through it. To study this 
the discharge must take place within an air-tight glass vessel. 
A glass discharge tube suited to tliis purpose is represented 
in Fig. 3. This consists of a straight glass tube about 4 cm. 
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in diameter and from 30 to 40 cm. in len^lli into the fiuls ol 
which platinum electrodes are sealed, and to tlu'se ai’e altaehei 
metal disks. Alumiiiiuni disks art' vt'ry siiilahle, l(i (lu* sidi 
tube, a, connect an air |nun]) and a manonu-fer lo measure llu 

])ressure wilhin llie (ulie 
C'onneel (he eleelmdes It 
(he (erniiiials of a Wiius. 
hurst inaehine or an indiiC' 
linn coil. ( Iradually lowei 
the jiressurt' and earefullj 
observe the cliang'e in a|)))earanee of the discharge within (In 
tube as the pressure chan/^n's. Observe also, by means of j 
voltmeter, the diminution in potential necessary to produce thi 
discharge with decrease of pressure. 

At first the spark becomes more regular and unifitriu hetweer 
the electrodes, then broadens otit and assumes a fuzzy apfieaf' 
ance of a bluish color. Ob.serve carefully the marketl appear 
ance of the discharge when a pressure of about half a milli' 
meter is reached. The negative electrode or calhotle will hi 
found to be covered with a thin hiyer of luminosity; nest ti 
this will be a dark space which is called the frooki-s darl 
space; immediately beyoml this will he a luminous part eallei 
the negative glow, and beyond this again a second dark regioi 
sometimes called the luiraday dark space. The himinoui 
region between this ixiint and the positive electrode or aiiodi 
is called the positive column. 1 f the pressure at this stage hi 
adjusted slightly over a very small range and also if the curren 
through the tube be varied slightly the positive I'ohtnm wil 
divide up into alternate light and dark spaces which are callec 
striae. The ap|)earancc of these strire depend.s on a varietj 
of conditions of pre.s.sure, current, size of tube, nature o 
gas, etc. 

If the discharge be made to pass for any length of timi 
thiough the tube the gas pressure will increase slightly, d'hi 
will be especially marked in the case of a new tube which ha 
not been used much before. This is clue to the escape of thi 
occluded gas from the walls and electrodes, Repeat thes' 


experiments, using other gases in the discharge tube and com- 
pare the results with those obtained for air. 

6. Effect of Altering the Position of the Anode. — Repeat 
these experiments, using a discharge tube similar to the above 
only of greater length, about 8o to lOO cm., and having an 
adjustable anode so that the distance between the electrodes 
may be varied. Such a tube is shown in Fig. 4, The anode 
consists of two aluminium disks, fastened together by a cen- 
tral aluminium rod and fitling' loosely in the tube so that it may 



slide along inside the tube. Atlaclied to the bottom is a 
piece of soft iron so that the anode may be moved alcnig the 
tube by means of a magnet from the outside. The anode is 
connected to the i)latinum wire at the end of the tube by 
means of a very light Ilexible coil of wire which simply makes 
connection but is not strong enough to move the anode. 

Observe the relative proportions of the space between the 
electrodes occupied by tlic diiTcrciit sections of the discharge 
for different distances between the electrodes. Note that when 
the distance between the electrodes is greater tlian a few cen- 
timeters an increase of ilistunce does not cause any increase 
in length of the negative gkw or dark si)ace, but the increase 
takes place entirely in the po.sitive column. 

Using a discharge lube of the form shown in Fig. 5 in 
which the anode is placed in a side tube instead of in a direct 
line with the cathode, observe the appearance of the discharge 
at the pressure of about half a millimeter. Note how the 
])ositive column 1)eiuls into llic side tube but the position of 
the negative glow does not alter. If the side tube is not too 
far from the. cathode and the pressure he lowered somewhat 
the negative glow may even extend in a straight line beyond 
this side tube. 
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7. Cathode Rays.— Using the tul)c' shown in I-'ig. 5 lower 
the pressure still more and caiefnlly ohsetvc the ilKUigt. of 
appearance until, in the neighl)orhoo(l of one huiulieclth tjf a 

milHineter, a new phenomenon 
makes its appearance. 1'he posi- 
tive column will begin to disap- 
pear and a liglit phosphorescence 
will make its appearance on the 
walls of the tube. 'Fhe color of 
this phosphorescence will depend 
upon the nature of the glass; if the tube is made of ordinary 
soda glass the phosphorescence will he of a greenish yellow 
color, while in the case of lead glass the color will he blue. 
This phosphorescence appears to he produced by streams of 
very minute particles issuing normally in straight lines from 
the cathode. They are con.seciuenlly called cathode rays and 
have remarkable properties, d'hese properties will be tlis- 
cussed in Chapter III. 



Fig. s. 



CHAPTER 11. 


APPARATUS AND GENERAL METHODS. 

8. The study of the conduction of electricity through gases 
and radio-activity during the last few years has developed a 
particular class of measuring instruments and methods of 
measuremenl particularly suited to this class of work. The in- 
struments which are used in this branch of physics were, for 
the most part, well known in principle long before the (|ues- 
tion of conductivity in gases was studied, but within the 
last few years they have reached a much higher state of per- 
fection and utility. As some of these instruments and the 
methods of measurement used in this subject present many 
I)eculiarities— sometimes of a rather troublesome nature — 
which one does not hud in any other class of physical measure- 
ments in the laboratory and which are not usually given in 
text-books on the subject, nor even in the original papers, and 
which often occasion considerable, trouble and loss of time to 
one beginning the subject, a .somewhat detailed de.scription 
of apparatus and general methods of procedure will be given 
in this chapter. 

9. Small Accumulators."" -One of the most necessary parts 
of the e(iui])im'nt for this work is a 
perfectly relialile source of potential 
which may he adjusted at will from 
a few volts to six or eight hundred 
volts. This range will serve for most 
purposes, although it will he found 
Cfinvenieiit in .some case.s if the range 
can be extended to a thousand volts. 

This .steady potential is best obtained 
frotn a .set of stnall aecumulator.s. 

Since tlie current to he drawn from 
this .steady voltage is never, except in very rare cases, more 
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than a very small fraction of an ampere, the storrij^n- cells used 
to furnish it need not he of large cajjaeily. 'riiey are idc'iilieal 
in principle with the ordinary large aeeiimnlalors and are 
usually made of plates of about i8 to 20 S(i. em. in area con- 
tained in correspondingly small glass vt‘ssels. 'I'liere are dif ■ 
ferent varieties of these small cells furnished by difTerent 
makers. One very convenient type is shown in I‘‘ig. on the 
preceding page. 

These cells '.should be .set up in wooden trays, lim-d with 
insulating material .such as mica, in .small lots in series of not 
more than ten or twelve, with their terminals conneeted to 
metal mercury cup.s, and these sejiarate lots may be combined 
in larger trays so that any number may hi' readily connectetl 
temporarily in seric.s as desired. 

The care of the.se cells is a very important factor in gaining 
efficient service from them. '■J'hey .should be kept in a closed 
cabinet to prc.scrvc them free from dirt, but tin's cabinet 
should be so arranged that each small lot can he .scp.aratcly 
disconnected and removed so as to l)e attended to individually, 
as connections and individual cells arc very apt to gn wrong 
through corroding, breaking and other causes, l.eatl wires 
covered with rubber arc usually more satisfactory as perma- 
nent connectors than copper or other metal, 'riie cells .slionld 


be kept clean and well insulated. They should be ke[»t charged 
up to their full voltage and never under any eirenmslanees 
should sufficient current be drawn from them to cause them 


to fall more than 12 or 15 per cent, below their normal voll.age 
before recharging. They ought to be charged regularly, and 
even when they are not u.sed for a considerable lengtli of time 
It IS advisable to discharge them slowly Ihrougli a .suitable 
lesistance at intervals and recharge lliem again during (lie 
time they are idle. Care .should be taken to charge (hem at the 
proper rate, as too large a charging eiirrenl is apt to injure 
them. The charging rate is nsiially furnished hv the makers 
with each particular tyjic of cell. 

Since the voltage used in most cases is .|tiitc large, csircnic 
care should he taken to prevent a short circuit of the cells, as 


to other valuable apparatus involved. 

If these precautions are observed and the cells given careful 
attention they should present no difficulties. 

10. Quadrant Electrometer. — In most text-books, even of a 
somewhat advanced nature, the quadrant electrometer is usu- 
ally dismissed with a more or less brief description and conse- 
(|ueutly is not as well known in detail as it might be. It is 
also somewhat neglected in many laboratory courses. As the 
use of the iustriuuent is so extensive and important in the 
class of work in hand, and as it has the reputation, not wholly 
undeserved, of being a difficult and troublesome instrument to 
use, a somewhat detailed account will be given here. 

The electrometer consists of the following essential parts 
which are common to every type: A circular metal box, fixed 
in a horizontal position and having a small vertical central 
hole through it, is divided by very narrow saw cuts into four 
(luadrauts as indicated in h'ig. (>. ICach t>f these i[uadrants 
rests on an insulating support. Within these (luadrauts, mid- 
way between the upper and lower plates, is suspended by a 
very light fiber suspension a flat 
dumbhell-.shaped needle made of 
aluminium or other light con- 
ducting substance. The diag- 
onally opposite quadrants are 
connected together as shown in 
h’ig. 5 . If the needle is hung 
symmetrically with regard to 
the (juadratits as shown in the 
diagram, and if it is charged to 
a positive potential and a dilTer- 
enee of poleitlial he estalilished between the twt) jjairs of 
(|uadranls, the neetlle will he altraeled by one pair and re])elled 
by the other pair and will rotate in a horizontal plane. The 
ainonnt of attraetion and repulsion will depend upfjn the dif- 
ference of potential between the (juadranls and the potential 
of the needle and c«iuse«iuently the amount of rotation of the 
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needle will depend upon these factors and also njK)n the 
torsional rigidity of the suspension. 

The remaining parts vary in dilTerenl types tif instruments. 
In the older forms and even in some of the nuHlern typi*s (if 
instrument the needle is cniineclecl to a small condenser usually 
in the form of a Leyden jar to increase tlu* capacity (if the 
needle, so that any small leakage of (he chargi- fniui tlic needle 
will not alter its potential as much as if its capacity were 
small. Connection between llu* nccfllc and insidf cuating of 
the Leyden jar is made by allowing tlie central rod of tlu' 
needle to extend lielow the (luadrants and dip into sulphuric 
acid contained in the Ihcyden jar. 'I'he acid rdso acts as a drying 



apnt to keep the instrument free from moisture. If the wire 
dipping into the acid is bent into a small loop ns shown in 
Fig. 7 the acid also serves to damp the molioti td the needle 
so that It may turn more slowly and at a uniform speed when 
the quadrants are receiving a charge at a uniform rate. 


QUADRANT ELECTROMETER It 

There arc difficulties connected with this Leyden jar. It is 
very difficult to secure perfect insulation between the coatings 
for large charges on the needle and its potential docs not there- 
fore remain constant, which is a serious drawback in accurate 
measurements. A more satisfactory form of condenser, de- 
vised by Strutt and shown in Fig. 7, in which the dielectric 
is ebonite or sulphur— -which arc much better insulators than 
glass-~may be used. A circular plate of ebonite about i cm. 
thick and 6 or 7 cm. in diameter is recessed until the central 
part is only about 0.5 mm. thick. It rests on a metal plate 
connected to earth and another metal plate c fits into the 
recess. 'I'o make contact between this plate c and the needle 
a .small glass vessel containing sulphuric acid, into which dips 
the rod of the needle, rests on this plate and a wire d makes 
contact between the acid and plate. If the surface of the 
ebonite deteriorates it may easily be cleaned by removing the 
surface by line emery paper or by scraping. 

The snli)huric acid in any of these forms of condenser often 
presents a troublesome difficnlty. After standing for a con- 
siderable time a Him forms on the .surface and the surface 
tension between this film and the roil of the needle affects the 
motion of the needle in a trouble.some manner. This may be 
overcome by stirring the acid thoroughly or by renewing it. 
As the acid absorbs moisture rapidly care must be taken that 
it does not overflow the vessel and ruin the instrument. 

To secure sensitiveness in the instrument the needle should 
he made as light as |>ossihle cuu.sislent with rigidity. It may 
he made of thin aluminium ju.st thick enough to maintain its 
.shape rigidly or it may be made of paper silvered on the sur- 
face to make if eonductiug. Many of even the older type.s 
of instrument may he made quite .sensitive by fitting them with 
a light needle. The needle should be perfectly .symmetrical 
in sliape. 

The .suspension for the needle .should be very light if great 
sensiliveue.s.s is required. The nio.st .sati.sfaclory non-conducting 
su.speusitms are fine ciuartz fibres. These can either be made 
in the lahuratory or may he ohlaiued from instrument makers 
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’ in different grades of iliiekness. 'I'lie fibre may be allaehed 
at the ends to the metal parls of the inslrnmeiit by a minute 
portion of hard wax. fare must lie observed that tlu* wax 
used is of a comparatively rigid iialrn'e so as to prevent any 
movement at the joint when the suspension is under torsinn. 

To communicate the charge to the insnlatctl needle it is 
convenient to use a wire II' (big. y), passinp, tlirongli an 
ebonite plug in the top of the instrument and bent twice at 
right angles, so that the lower ;irm may be tnrneil rnimd in 
contact with the stem of the lU'edle. 'I'lie nppi*r arm can tlum 
be placed in contact witli a set of small aeennmlattn n nr other 
source of potential. 

To maintain the iiotential of the m-eille etuisiant ue would 
strongly recommend using a conducting snspen-d**!! im-tead of 
the in.sulating quart/, by means of which the needle can lie kepi 
permanently connected to a set of small aeennntlalors or other 
cells. A very light jdiosphordiron/e galvanometer Mi^.peti-.ion 
will be found very .satisfactory, dhe jiolenlial «d' tin* needle 
may thus be kept perfectly constant ami ni.ay be altered by any 
definite amount at will and the .sensitiveness may be maintained 
the same day after day. Using this method ilu’ eondem-er m.iv 
be discarded and all the accompanying dinienlties of iuMila 
tion, etc., eliminated. 

The mathematical theory of the eleelronieter generally found 
in text-books is .somewhat faulty. 'Ihe result is UMiallv given 
about as follow.s: Tf K,, I'., and /', are the potentials of tin* 
two pairs of ([uadranls and the needle respeelively. and /*' is 
the torsional couple for a delleelion of unit angle, then for a 
deflection 6 the relation given is 

iii\ [ f,)i. 

where a is a constant. Tt follows from this that if I*, he very 
large compared with both l\ and I', then |( / ', j I’..) may 
be neglected and 


([uadraiits the delleclioii 0 will be propertional to the potential 
of the needle. It is found however by observation that in 
most electrometers the dellection at first increases with increase 
of potential on the needle until it reaches a maximum and then 
decreases with further increase of potential. Recently G. W. 
Walker has developed a theory in which he accounts for this 
maximum value for 0 followed by a decrease by the presence 
of the air-gap between the (juadrants which causes the capacity 
of the needle to alter as it moves ])ast this air-gap. He obtains 
a modified eiiualion, namely, 


{F^2hV^)e^a{V,-V,)V,, 
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where & is a constant, and assniniiiK as lu-f.Mv thal / , is I.ir.m- 
compared with and / « which is a laet in tin* m’ditiary 
method of usin^^ the inslniinenl. h'ntm fitlu-r iIh-mia it i,,! 
lows though, that for a given [xiti-ntial <*!’ th.’ lu-rdK*. ihr 
deflection is proportional to the dilloroiua* nl pMft uiial lu-iwi on 
the two pairs of ([uadrants. In must ea .os in aeltial piarlici' 
this is the important condition as a ha-.is nf uhm an laut ul, 

II. Dolazalek Type of Electrometer. I'lio ..f ilcc 

trometer devised a few years ago hy Unla/ah-k is, in ihonpininii 
of the author, the most useful and salisi.aiitny instiuniml e.f 
its kind made at the ])resent lime fnr the ela -- <0 u<iik uilh 
which wc have to deal, and if an eleetrnuu'lrr is (<* lir aeiiuiird 
for a laboratory this type Is most strongly roe. «nuuriidrd. 'Tht! 
advantages of thi.s instrinnent over older forms e. msi .! i hieilv 
in the simplicity of construction and eonsenuent eluiiinatiou td 
troublcvsomc factors and in the inereased sensitiveness. A 
diagram of the instrument is shown in h'ig. S. 

The set of quadrants is small, usually oidy from 5 to fi em 
in diameter. In the latest form the quadrants are suppotiet 
on stout amber pillars as amher is an exeellent insukU<.t . d'hi 
needle is extremely light and is made of silveted paper am 
consists of two layers of j)a[>er fastened at the ottirt edge 



and spread apart at the center to secure rigidity. Hroadstde an 

edge-on views of it are shown in Kig. living s„ 

light and lying very close to the quadranls the nv.-.lh- is snil 
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ciciilly damped by the air and requires no other damping. 
'The coiidneting ])ho.splior- 1 )ronzc method of suspension with 
permanent conneetion to the battery is the most satisfactory 
to use. ITsnally a ])otenlial of from 80 to 100 volts on the 
needle will he found convenient 

With a fine (jiiartz suspension the instrument may he made 
very sensitive, as much as 10,000 dimensions per volt on a 
scale about 1.5 meters distant having been olitainecl. It is 
however not at all advisable to work with the instrument 
under snob sensitive conditions, for the needle is very unstable 
and will not maintain a .steady zero position and is very easily 
disturbed by the slightest ontside influence. For most work 
a sensitivenc'ss of anywhere from four to six hundred divi- 
sions ])er volt on a scale about 2 meters distant will be found 
suitable, 'fhe sensitivene.ss depends upon the thickness of the 
suspension and the charge on the needle. 

The whole instrument is enclosed by a tightly fitting brass 
case with a window through which to observe the mirror on 
the needle. 

12. Adjustment of Lamp and Scale.— The stem of the 
needle should be fltled with a small and very light concave 
mirror, preferably not more than 6 or 7 mm. in diameter, 
having a focal length of about 50 cm. Obtain the image of 
an incandescent electric lamp filament on a scale at a distance 
of 1.5 or 2 meters away from the mirror. Adju.st the position 
of the lamp sf) that a .sharjfly defined image of the lamp fila- 
ment is obtained in a vertical position tni the scale. Place the 
lamp a little below the level (»f the mirror so that the reflected 
l)eam of light may pass directly over the top of the lami), cau.s- 
ing the plane of the incident and rellected rays to be vertical. 
Place the scale at right angles to the beam of light by carefully 
measuring ecpial distances from the mirror to the ends of the 
.scale when the image is at the centre of the .scale. A white 
millimeter paper scale alunU a meter long fastened to a board 
which may slide horizontally in grooves so as to ])e adjustable 
to any zero point will be found convenient. As the image of 
the lamp filament may have a e<»nsiderable width, .select one 
edge of the image and lusc it as the line to read by on the scale. 
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13. Adjustment of Electrometer. Scl tlu- i-ltTtn.niflrr u|i 
in a dry atmosphere on a hnn snppioi .snrli as a slab' slal. rrsi 
iiig on a stone or hrick pilliir, sn llial llune nKi\ In* tiu \iliia 
tion. Carefully level the inslnunenl sn (hat (lu- >iua.iianls are 
level. Adjust the po.sitioii of the needle until it hant',s ••ynt 
metrically with regard to the (|nadran!s. lha! is. sn that the line 
bisecting the needle lengthwise is parallel Im the aii line hi-.eei 
ing the circle of the (juadranls. After this is adjusted as nearly 
as possible by the eye te.st the symmetry by ehaiy^ing tlie needle, 
having all the quadrants eonnecte<l to earth, ll everything is 
symmetrically situated the zero of the m-edie shnidd nut alter, 
If the needle does not reimiin al zero when thus elmrged atljiist 
it by trial till it does. In some instruments one nf tlie qn.-uf 
rants is also adjustable, in position. ,\ further te-^t «'f the svin* 
metry should be made as follows; ( )ne pair of (|nadtant-. hein|, 
to earth, charge the other pair to a given jHe.iiive puteiiiial am 
observe the deflection, then change the imlential tu an etjua 
negative one and olrserve the delleetiiui on the uppusUe snln 
of the zero. The.se two delleetioiis slKudd he os.ietlv ctjual i 
everything is symmetrical. 

In all instruments the tiuadraiits are aKvas -. eumireird n 
pairs and each jiair eonnected by insidatetl wire-, lu two m ai 
lated terminals on the outside of the iiiNtrtiineiil. llie ni ada 
tion of the (juadranls and terminals shutdd be peileti, a 
defective insulation is fatal to accurate measni enu'nl I'ei 
the insulatum as follows; One ])air of (|uadrants being emi 
nectecl to earth, disconnect the other pair from evi-ntliin. 
else and charge them up liy eomiecling ibem fnr an im.tail 
to one pole of a l)altery, the other pole lieing !*• f-artii. t ‘••e 
small potential for this; only a fraction of a vuli will be -mil' 
cient. Having removed the charging wire obsi-rve the ifadin 
of the needle when it comes to rest. If the itisnlatiun is pr| 
feet this reading .should remain steady, but if (he inad.tlio 
is defective the needle will gradually return to zi-rn. shnwiii 
that the charge is leaking olT the (luailrants. Tin- iuMibiti.i 
should then be removed and cleaned unless the leakagi- t'. 
small that it will not affect appreciably tlie meusurenien(>i I 
be made. 
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I'lie air inside the instrument uiiglit to be thoroughly dry. 
If the instrument is one in which no condenser with sulphuric 
acid is used a small (juantily of drying material may be intro- 
duced in a convenient place with advantage. 

14. Screening.— d 'll ere are usually stray electrostatic charges 
])roduced hy friction or other causes in the neighborhood of 
the a])paratus in use, especially in a dry atmo.sphere. These 
charges are sure to cause serious electrostatic distnrhanccs 
either hy direct contact with the electrometer and connections 
or hy induction, h'ven the movement of one’s body near the 
electrometer will often cause violent disturbances of the needle. 
It is therefore ah.solulely c.ssential to enclose the electrometer 
and all insulated iiarls of the ajiparatus and wire connections 
within metal screens connected to earth so that any outside 
dislurhance may not reach the insulated parts of the a])paratus. 
All ])arls which are not reipiired to he insulated must be con- 
nected to earth. A convenient way to do this in most labora- 
tories is to .solder a fairly heavy hare copper wire permanently 
to a water pipe or gas main which runs into the earth and all 
earth connections may be ma<le to this wire, ft is not suffi- 
cient to merely wrap this wire around the water pipe; good 
solder connection must be made. If this earth connection 
of the (HfTerent parts be neglected the.se fiarts become charged 
up and cause disturbances which are usually indicated hy the 
erratic action of the electrometer needle. 

In .setting up an electrometer for permanent use the follow- 
ing method of screening will be found most convenient: Place 
a large .sheet of metal about three feel .scpiare on the table and 
set the electrometer on this. Make a rectangular cage of wire 
gair/.e about three feet each way enclosed on all sides 1ml the 
bottom. 'Phis may be set over the electrometer on the metal 
sheet. ( )ne wlude sitle of this cage should be uuule removable, 
either in the fttrm of a dtKir or otherwise. The cage and door 
are made large so tliat tlie eleelnuneler may he conveniently 
reached to make a«ljustuuMils, aiul in addition several other 
piece.s t)f .small apparatus sueh as ennnecling keys, etc., may be 
placed inside the .screen, tlui.s saving additional .screens. Cori" 
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nect the whole cage pornianontly h* carfh. t ‘tanirt limi;. ir,.iii 
outside and the li^dit tm llif mirror --f Ihr iirrdlr niav 

be admitted into this screen llin High snial! luiK-.eni iu tlu'e.an/i' 
The followinfj nietluxl of sereenini; in adaled uin-. ei.nmvl. 
ing separate pieces of apparnltis lias limi fnun.l \riv e.tnvi- 
nient: Take a brass tube of the retpiired tengtli ab.Mi! em. ii 
diameter and across each end li\ a piece i.f ideaii in k ■.e.iHii| 
wax as shown in h'ig. to. d’his may lie dom* b\ he.tiine, llu- eni 
of the tube slightly an<1 jiressing the sealing wax on tu it. 'I'h 
wire to be screened is run through ilu* lulie and imi- cm 
fastened to the sealing wax by slightl> heating the wiie air 
pressing it into the wax. When lliis hardens the win* inav h 
drawn tightly at the other end aiul fasleiu'd iu a similar wa^ 
The wire remains lightly stretched along the axl-. of the tnln 
The wire used should lie of small diameter no a-, to he tlexihl 
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and easily stretched. Tmr this purpose a fre-di Nisek of 'ealiii 
wax should he u.sed and the insiflatiug surface um a not 1 
handled by the fingers or deslruetion of the iusukitiug tpiahl 
is likely to result. 

15. Insulation..-- d'he ([uestion of ittsnlafioti hi t iceii.f.t.it 
work is quite a different problem fnini what it is in ordinal 
current work, for what Iu ordinary eurrenf uoik wottld I 
perfect insulation is useless as sneh in eject to-i. it le.. Snu 
the electrostatic charges to he meaHured ate UMtalh in.i 
a small leakage will cause (|uile a serimts error, d he di 
ferent so-called in.sulalors differ somewhat in ijiiainv i'< 
electrostatic uses. Amher and ebonite are g«M)d perinanci 
insulators and possc.ss the advtuUage of being workable in 
any shape in a lathe. A ])arlieular (inality of artificial amb. 
supplied by instrument makers is exeellent. .Sulphur is 
most excellent insulator for this work, hut !um the disai 
vantage of being brittle and is apt to crack tifler being east 
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large pieces. For small insulators it is excellent. In making 
up small suli)lmr beads use a clean piece of stick sulphur and 
melt it very carefully in a clean porcelain dish, and just when 
it reaches a clear lic[ui(l state use it for moulding whatever 
is required. If it is heated beyond this stage it loses its in- 
sulating quality. Scaling wax is very excellent where no 
strain is to lie put upon it. If it is heated in adjusting it in 
position care must be taken not to char it as it will lose its 
insulating quality if burned. Paraffin is a fair insulator when 
pure 1)Ut has the serious di.sadvantagc of retaining very per- 
sistently any charge on its surface as the charge seems to pene- 
trate lielow the surface and is removed with difficulty. Glass is 
not of much value in this class of work as an insulator unless 
coated with some other insulator, .such as paraffin or sulphur. 

The first general precaution in this regard is that the sur- 
face of the insulation must be perfectly clean. The outer 
film of the surface .should be entirely removed by scraping or 
otherwise, so as to leave a fresh surface. After the surface 
has been cleaned it .should not be touched with the fingers, for 
the slightest contamination destroys the insulating properties. 
This precaution is often neglected and trouble ensues. Mois- 
ture and dust even in small quantities on the surface of in- 
sulation should be guarded against. The atmosphere of the 
room where work i.s done .should therefore be kept dry. It 
will be neces.sary in many instances to dry the air in and 
around the apparatus by means of chemical drying materials. 

Trouble.sotne disturbaiu'es often arise from the surface of 
the in.sulatton acaiuiring ati electrostatic charge. This is 
usually manifest by the erratic action of the electrometer needle 
when the (juadrants are insulated, dhis surface charge can 
usually he rettiovctl by passing a Bunsen flame tinickly over the 
surface. Atudher method of removal is to place a small open 
vessel of uratiium oxi«U* dose to the charged surface, when 
the ioni^atum produced hy the urainum will allow the diarge 
to leak away through the air. 

In a eonqdicated system of insulators it is sometimes rather 
difficult to locate the exact po.sition of the leak due to a de» 


20 


APPARATUS AND (IKNM-'.UAI, Mt- l lldUS 


fcctive insulator. To do so insnlalt' llu' wlmlf svsti-ni and 
charge it up and ob.scrvc llu‘ didU'clion oi tlu' iutcIIi' as ux 
plained in § 13 in connection witli (he (e.s( of (lie iiiMihdinn of 
the quadrants, 'riicn cut oil tlu' condUiMnr in the sysitau 
farthest from the elcctroinetor and tes( again. If the It-ak 
does not appear now it mu.sl have lieen in (he iiiNnlation of (his 
conductor. If it docs a])pear cut oil tlu' nrxl laithest con 
ductor and test and conlimu' this oiu' hv otu* uniil (hr U-ak l\ 
located. Then clean or replace (he iusulalion. 

Flames of any kind should not he allowed in the tu-ighlitn' 
hood of any object which requires (o he insnlaletl, as (he ioni/a 
lion produced by llanies in (he air tlesirov.s, tlu* iuMilating 
property of the air. Any radioAictive suhslance in tlu* vicinitv 
will cause the same difliculty. 

16. Electrometer Keys. As any inoveineni of tlu* .ih .ervm 
near the electrometer coiiueclions is apt to cause electro .tatic 




(h) 

Ida. ij. 

disturbances and as all the conneelions must In* earefnllv en 
closed in earth-connected screens, it is both expedient and eon 
venient to place all connecting and discomiecling keys in.side 
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the ca^n'c with the cloolrouieter and work them from a distance. 
The keys shown in l''ij^. i i are most e(mvenient forms. 

The key shown at {a) is used for alternately connecting to 
earth and insnlating one ])air of (jiiadraiits of the electrometer 
and connevlions. A ])ieee of sheet brass one sixteenth inch 
thick and an inch wide and nine inches long is bent twice at 
right angles, making Ihe upper pari ./A ivvo inches in length 
and ('/) one and a half inches. A l)rass tnhe IlK about ^ inch 
inside diameter and J .5 inches long is rilled and soldered at 
right angles to . IH through a lade near . 1 , so that it ])rojects if 
inch below . //k A brass rod h’S about six inches long and 
pointed at .V slides loosidy through IlK and has two small ad- 
justalile clamps ( , and C .so that it moves within denned 
limits. 'I'liis rod may bo drawn up by a cord attached to the 
ring at the top and allowed to fall under its own weight, 
'ritis system is fastened to a piece of hetivy sheer metal 
A'l' and the whole thing connected to earth. An insulated 
metal mercury cuji 0 is placed so that .V. when lowered, 
vvdll dip inti> it. 'The electrometer tpiadrants and cnnnection.s 
are connected with the mercury cn]», and when the rod /v\V dips 
into (J they are ;ill eonnoetcvl to oarth through . l/d' and when 
AW is raiseil they are inMilaletl. 

( )ne precaution must be carefully observed here which a[)~ 
plies to all I'.’ises ulieii* electric contact is made between mer- 
cury and other metals, such as brass and copjier. 'I'he surface 
of tlte metal in contact with the mercury must always he 
amalgamated, by dijtping fust in nitric acid and then rubbing 
mercury ovi-r the surface, so as to eliminate contact difTerence 
of pitli’iUial eilects at the junettire of two dissimilar nietaks. 
'rite eml of the rod .S' atid the itiside of the cup (J must be 
amalgamate*!, t »ilu-rw i-**’ the electiometer nei'ille will be do- 
(lecled when the isuu.ui broken, due simjdy t(» the change of 
potential at the sepaialioii the tw<» iliH^itnilar metals brass 
and jnrrenry . 

Afli'r experiinenling for snsne litne with ditTerenl forms 
of merrma, cuj»*« and other lont.icls for ,V llse author f«»iind 
the form «d' cup and iiisidalor '.hown in the *liagram the tnost 
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satisfactory. Q is ‘a small brass rup aluml i nn. inside 
diameter and I cm. deep and It rests (.ii a sliek of clean sealinp; 
wax about 3 cm. hi^di. 1'he sealing vvas is fastened (o tlie 
cup above and tlie plate below by slip, lit ly heatiup the metals 
and sticking tbc wax to the warm nuial. 

Mercury cups have often been made bv boriiip a hole in ;i 
block of paraffin and lilling with merem v. hut flu-v are nol 
satisfactory as the paraffin beeonu>s eb.arged up ou the siu fai-e 
by the friction of the key and mereury and .nliei u ise, atid ibis 
charge does not disappear immediately when the eiip i*. eartln-d 
on account of the retentive t|uality of the parattm. In all 
cases of this sort the area of the insulating mu hu e • hotdd he 
reduced as much as possible. 

A slight modiQcaliou (b) of the alutvi' foj ui of kev ha*, lu'en 
found very convenient for making eoutael hetwren twt) in 
sulated connections within the eleelronieter sereeu, sueh as for 
instance connecting a .staiukird cell to the eleelronieter or eon 
necting a separate charged condenser with the eleiiittineler. 
The rod RS, imstead of dipping into the uten-utA eitp, litled 
tightly into a rod of ebonite I ahonl an ineii or so long and 
into the other end of the ebonite is litled another !(ra'<s dmI M 
which may dip into the merenry cnp. M is thus insulated from 
earth by I and is connected to the cell or other object hv a 
thin flexible wire tu. The rest of the key i^. i«h‘ulieal with {n ). 

These keys are raised by means of a cord whieh runs over a 
pulley in the ceiling vertically above the kev ami is thence 
carried to any desired position by unotlier pulley placed aln»ut 
vertically above the .scale where the observer is sUuated when 
taking readings. 

17. Standardization of Electrometer. 'To eouvi it the - cale 
readings into definite electrical units these reading*, nnu.t he 
standardized by oh.scrving the dellerlions produced when a 
known potential is applied to the iptadrants. If the electron! 
etcr is not too sensitive one pole of a standard t ‘lark crU or 
Weston cell may he applied directly to the insulated pair 
quadrants by means of the key (h), Mg. n, while ilie other 
pole is connected to earth. 'Po guard against aeciiicntally 
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short-circuilinp: the standard cell by neg'%tijag,'tO,,jiistilate the 
quadrants from earth before connecting the' ccjl. to tliem a 
larg-e resistance of about io,ooo,^.phins sHoukl be' placed in. 
scries between the one pole and^M^imrth, so that in case of ' ' 
accident the cell would not be injured. If the defleotioh pro- # 

duced by the cell is not too j>Teat for the Icng^th of scale us?d’ 
observe the dellection produced by the known voltaf^e'Of the 
cell, if the dellection is loo j^reat for the Icng-th of sqale 
connect the cell throun’h a i)otentioineter of larf^e resistance 
and lap olT from the potenlioineter a known potential sufficient 
to fi:ive a suitable dellection. Since the dellections are propor- 
tional to the dilTerence of potential between the (ptadranls the 
number of seale divisions per volt is known. M'his value is 
technically termed the sensitiveness of the instrument. Any 
other dellection on the scale can therefore be converted into 
volts by diri'cl proportion. 'The sensitiveness of course depends 
ii])on llie i>olential of the needle and the instrument must con- 
sequently he standardized each time observations are made if 
there i.s any chanj^e of potential of the needle. 

i8. Connection of Electrometer to Other Apparatus.— The 
wires coimectinK' the electrometer to any other apparatus, on 
whieli experiments are hein^ eondueled, must he screened in 
metal tubes enmiecleil Inearth as ahead) deseriheil, § 14. 'Flu* 
typical general nnau|.;ement eleelromeler, lamp and scale, 
key, screen, cie., is shown in the diaf^tram, h'ij*;. 12, which is 



Flu. I j. 
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self explanatory. The apparatus (n he lesletl wnuhl l)i* roii- 
nectecl, by a screened wire juissin}^^ thmuj^h the eaue, the 
mercury cup in the key. 1 lu' metal lube seieeiiiup thi‘-> enii 
nccting wire should pa.ss inside' the itiaiii ea|4e m) that iin pari 
of the wire is exposed. 

19. Determination of Capacity of Electrometer and vSy.stem. 
— In making definite calculations from the observation*, with 
the electrometer it is often lU'cessary to know the eapaeily of 
the electrometer and connections. 1 )ne melhoti 1.1 detennin 
ing- this is by the ordinary method <d‘ mistno-s, 

Let Cf=:the capacity of electrometer ami sw-tem i ntmei-p'd 
with it, 

C’, =r.:ihe capacity of a known standard eondi'mer. 

Charge np the electrometer and eoimeetions h\ nuMiis nf a 
battery to a potential / ' ;md let the delleetioti ol (he needle he d 
divisions on the .setde. 'Pheii eoimeet by means of a ke\ (/»), 
Fig. II, the standard eomlenser in jiarallel with tlu- ehaiged 
electrometer, etc. 'i'he charge will then he divides! hetueeii tlie 
electrometer sy.stem and the standard eomleimer. 1 .el the re 
suiting potential — /', and the corresponding -.eah' reading 
= d, ; therefore C7' :((* | sinee the tni.d t haige r. 

constant. 


Therefore 


C 

C 4" f 1 





from which may lie calculated. 

Another method depending upon the very eonsi.iiit ioui/.uitiu 
produced by iininium oxide, and whieh will In- !>rt!*-i tmdet 
stood after some experiinenls on toni/iiiion havr hern dom*. 
furnishes a very convenient means of deti'rininlng e.ip.u'iiw 
The arrangement is .shown in I'ig. 14. 'I'wo iiisulate.l mrtal 
plates A and B, about 15 cm. scjuare, ;n'e fiiehiHril in a tiuial 
box connected to earth. One plate .1 is eoimeelrd to the i-l.-e 
tiomctci , the other Ji is conneeted to one poU- id a balleiv >4 
accumulators of about 200 volts, the other jsole bring (•» earth. 
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On B is sprinkled a small quantity of nraninm oxide which 
produces a constant amount of ionization in the ^as between 
A and B. I'or a ^iven constant source of ionization and a 
j>'iven ])otential on B the rate at which -•/ charj^es up is pro- 
])ortional to the ca])acily of the system. I ,et (' he the ca])acity 
of the electrometer, ionization ves.sel and connections and let 
d he the numher of scale divisions passed over i)er second as 



diaries up, and lei the acquired l»v . I per s<‘Coud he 

l\ Kovv CdiuuHt a ’.taiulard ci<nilenici .S nf capaeily ( » m 
parallel hy means *d the Uev K and let ihe numlKT of scale 
divisions per secoinl he </, and lh«' pMirnhal accpiiird per seeontl 
Ijc I f. rheii, ance liu' ihante aupnic d ni «'ai h case !•» llie 

same, 


Therefore 


i f' n I ( ,)r,. 
r ' I" 


or 


J - J. 


from wlficli i tti.ii !«• t.ihtd.jird .1-, iM-Pisr 

h-i's ihe .nUaiil.ier <»f com Tiiirit-cr a!t»l rvrfi 
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being determined with llu* needle in iu..tinti under e..nditi..ns 
similar to those untler whieh ihe aelnal test uieasureiueut-^ are 
made. It has tlie .slight disndvanl.i.ge Imuever that tlie 
capacity determined ineUules the eap.teilv I'l tin* iMui/atina 
vessel, which cannot be eliminated and tlunvinu' it nuist In- 
kept constantly connected to the eleettoiiieiei tltiiini’ .dl the 
experimental measurements. Tlte m.imnni ovule however 
must then he removed and eveiythitu; eouiu .te.i l.. iMith es 
cept the plate el. 

20 . Typical Measurement of Current by laectrometer. 

As a guide to the method of meu'-memmi ami e.tleol.itiou of a 

current hy the electrometer a tspii-.d « v.itu).h' u d! he -.oxen, 

The usual method of lueasureinenl !■- to oh-.eiar the turn- i.ife 
at which the electrometer tinadr.mi - v h.oiu' up. th.tl i ■. the 
quantity of electricity transferretl t!noii<*h .i g.a-. jm i •ei'uiul |o 
a conductor connected with the eleetiotueiei , 

Let (2'“-:thc imnil)er i)f Couloiuhs ol rlfitlieilx leeeixeil hv 
the electrometer (luadraut-. ami eotuiet ie«l .v .teiu 
])er .second. 

Let the capacity of the whoh- system in mua.Uat.id. tin 
which units condensers aie maially m.ule ) he ( , 
which will e(|nnl (‘'to" fai.n!--. 

LetF = the rise of juitentitd td* the s\ .u-ui pes i < oml in 
volt.s. 

Therefore <-/ = ^ x 11 

‘ 1 if 

Therefore since the current eciuals the uutuher ot ii.uioush. 
per .second, the current i will equal ( T. U'd .uupetf .. 

The deflc'ctlou of the eleetromeler needle is piopoiisMual (o 
the difference of potential helween the two pain- mI qu.idt.uU-., 

Let d “the nunil)er of seale division*, tiiovrd ox* r pt-r 
second as the qnntlrants aeqnii i* tiu-ii p. -u uh.d I 
Let ilhe nnmhcr of scale ilivisioiis ciu H" poiulmg to 
a difference of potential of t volt a . »!* t»ainmed 
from a .standard cell, 
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Therefore 

7 ^ * 

== 7 , ■ 

. c 

d 

or 

/ =a X 

10" 

amperes. 


111 practice llie capacity of a Dola/.alek electrometer system 
without any extra condenser is usually about 50 electrostatic 
units, which we will lake as a typical case. 


There fore 


6 ' will 


9 


50 

X lo 


ft microfarads, 


since i microfarad nX 10® eledrostatic units. Suppose tliat 
360Q divi.sitm.H and d in divisions per sec.; then will 

50 I 10 

tj X to lO® fXK) 

mxt).2 X I O'*® amperes. 

21. Preliminary Experimentti with the Electrometer.-— 
Before attrm()tinK any tlefinilc ionii^alion measurements with 
the electrometer one should iK-ctsme perfectly familiar with the 
instrument hy a little prrlimiiinry manijndation. ( T) In tlu* 
host place the elect ronuirr, its hitiip aiul scale, keys and all 
accessories shouhl Iwc very carefully set up ancl adjusted as 
already explained. It jiayn iu a lillir time on the pre- 

liminary setting up a’* ^tile.r«|iient exiKTimruts will las per- 
formed with iiuudt |»rralrr ranr aisd accuracy, (a) Test the 
iensftiveiies-i of ilir itoilrtinirnl for varioiis jMilenlials on the 
needle. C.O t onurti a Hiorage l»iifirrv of a c*»iiplr iif volts 
across a |M»trntioiurli*r and inra'iiire in vo||*i hy llir elfctrometcr 
the iMitetilial across diifrrrsi! inuHotiH of tlie |»«»lrntiii«irter. 

tl, ElttCtroiCopes, 'Ihr uolil Iraf rlriirosrrs|ic wa.s one of 
the earliest «*lriirjral iiisu tiuiruis Ist ii% older foriiH it was 
itsed ehirlly 11% a drircior of the pis-sriiir »d ail rirctrk charge 
Siwi was ifol wril ausinl to acr urate f|iwiiij!a!ivc iiirasiirements. 
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Since there has arisen of late years the nee.l of a cU-lica(r and 
accurate instrument to measure eurreiils (no small In In- iimas^ 
ured even by an eleelromeler the eleetroseopi' h;is reached a 
high state of perfection. It assumes smiiewhal ditl’erenl forms 

wlnm apjdied (n i-ertain spe- 



eial tames, but (be Ini’m sliown 
in big. 1.] i's (be general type 
of instrument usi-d ami will 
serve t'ni' most purposes where 
an t'leet I't iscope i% rei|uiretl. 
.IH is a metal e.-ise which 
i\iay vary in si/e according 
to the pnrpt tse ft tr u liich it is 
rei|uireth but a convenient 
size is one ol about a liter 
ca[)acity. ( i - a tight 1\- lit 
ling cbouiti* phig about a. 5 


cm. diaiueter. A utetal rotl 
/) about i mm. tliauieter. 


passes tlirougb the ebonite, and on the eml *<1 it i - a pieee ol 
amber or a bead of .sulphur Itt insulate the gold leaf svaimi. 

In making this sulphur head great caic imml he i.do-n to 
secure good insulation. It may he maile as lollows; Ileal 
very gently a .small (|iiantity of clean stick sulphur it» a tdcau 
porcelain evaporating di.sh until it melts. When it hct'oiues a 
clear liquid di]) the end of the rt«l H into it uuil, witlnlrawing 
the rod, allow the .sulphur to harden. Kepe.al tliis couiimiouslv 
until quite a large bead has aecunmlaled «tn tiie end of iK 
Great care imi.sl be taken in healing the Milplmr to prevent 
heating it too much and it must only be used just at the ch*at 
liquid stage, for if it is heated lot* mucii ;md goes lievoutl this 
stage its in.snialing properly deteriorates very much, au.l it 
becomes almost Uvscle.ss as a perfect insulator, 'lake another 
flat metal rod // from 5 to 7 cm. long and form .another sul 
phur bead on the end of it; then dip both tliese beads into the 
liquid at once and .slick them logelber .st. the rods are in a 
straight line and let them harden. If desired tlu’ *au fare of 
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the siill)hur may he Irhnmed o(T with a sliarp knife, Imt care- 
fully avoid louchiiij? the surface with the lingers and keep the 
surface clean. 

At li a narrow strip of gold or aluminium leaf fta>m 3 to 4 
cm. long and i to 2 nun. wide is attached by a touch of gum. 
The leaf .shouhl he cut hetweeii two sheets of paper and with 
as smooth an edge as possible so as to give a shari) die 

reading microscope, h'or very sensitive electroscopes the leaf 
.should he cut as narrow as iMtssihle. 'I'his may he done by 
pre.ssing the edge of a sharp razor full length ilat against the 
leaf between the paper ami carefully sawing the razor hack 
and forth. Hy this means .strips a small fraction of a milli- 
meter in width can he cut. 

To charge the gold leaf system a wire /•' passing through 
an ebonite plug and bent twice at right angles may he used. 
This can he turned round so that one end touche.s // above the 
gold leaf and the charge may i»e cominunieated from a battery. 
V nm.st then he turne<l away and eunnecte«l to earth. If the 
case AH is required to he air tight for any reason !• may he 
replaced hy a tlexihle juree of ^teel spring wile attached It) the 
rod D as sinnvn in tn) big. 14. This wire may in* tirawm into 
teytfuirary contact with II hy a magnet fiom onfside. 

After the goltl leaf •^''leiti is ch.irgtsi ami when rratlings 
are being niiuie everv part of llu- instrument hut llie gohl 
leaf system inusl he c.ue fully cominied t«i raiih, for if any 
[lart of the instrument is insulaletl .md U-romf. eliargr«| in 
any way the leaf will Iw de.itjil«"«i, si u* '•>** ss-m,iisve. 
lH»r this rcast»n ot anv ««!lirr m-asI.Usng snateruil slmiiltl 

never In* Usr«l ns a ea^r l«i! ihr ehs iHslf*’. ll I'i oulrtf 

on tin* inside hy ss«mr m.timal Isii foil or 

a silver ciatiiiK from a -.ilveiing i,r -iomrllmsg «»f ilial 

nature. WiU’Condilt Img malm.d a-i .1 * asr jof an rlriiioH'ojii* 
ii to 1-M* *i%'osdrd ttltt'KWi'S Xrglref a4 

is often lltr eaii->r tif -iefSinr^ siifltinierH and rri'alic 

intlVeilWttts of ll>r ip44 Ir.if, I's.s iliS’s sr.i'^ssi !hr ssrrr 
ifliUlllling part** *j|josi|i| l*r m*sdr .*■. -aisall 4'! |s»4'o>lls|r' 4'o|s*ir^lr1il 

with in* 4 ilii!s*‘ 5 s, ihai ihrfr m.n !w 4 ** ’*111411 4 '' 4 iriai,:r 

m piSiiWr l*» i»rcnstir e!i4fgrd op 
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23. Illumination of Gold Leaf and Scale. small 

windows should he made in tho fnml ami back of tlu> case 
opposite each other and in line with the lt*af. 'i'lu' i»peninps 
may be dosed by thin sheets <if niiea \va\ed down artiund the 
edges. An incande.seenl lamp or utlu-r steady ilhmiiuatidu 
should be placed a little distanei', a I'm it nc tmu’e, ludiiiul the 
back window so as to illuminate the field, t 'are nim.t be exer- 
cised with regard to this illumination as the be.at from it some- 
times produces air etirreuls in tlu‘ I'leelro'^enpi' ;md eauses 
erratic movements of the gold leaf, e'.peeiali\ jimt after the 
illumination is turned on. Where olisrrv.itioiis extend ovit 
several hours even at intervals it is best (n keep the illumina- 
tion turned on all the time and to allow a little time to elapse 
at the beginning after lurning on the light hefnie t.tkini; read 
ings to allow the conditions to heeonie steaily. 

24. Adjustment of Reading Microscope. 'The movement'H 
of the gold leaf are viewed through a reading mierosenjie with 
a micrometer scale within it. 'I'lie usual uietlind of u-dm> the 
electroscope is to charge up the leaf system and then observt' 
the rate at which this charge leaks awav throug.h the snrioimd 
ing gas due to ionizatitm in the gas from anv ean-.e. ‘rids 
rate of leak is ob.served liy noting tiu' time it take-, the g,i'ld 
leaf to pass over a given number of seale ilivi^iou'. as it 
gradually falls due to In.ss of eliarge. 'I’lie time is taken liv 
means of a stop watch. 

Setup the micro.scopc in front of the windtnv «tf tlie electro 
scope and carefully focus it on the leaf so that a clear im.ige 
of the leaf is seen on the inierometer scale. As the edge of 
the leaf usually appear.s somewhat ragged in the mieroseope 
due to magnification .select a (lefiiiile point on the leaf ob 
serve and adjust the mieroseope sfi that this point is mi t!u* 
scale. As any given point on tlie leaf in falling is rc.allv mov 
ing in a circle round li (I'ig. t.|) as eeiilre and not in a lior i 
zontal line the micrometer seale should he tiltcsl at an angle 
to the horizontal so that the leaf in losing Ps eburge will move 
over as nearly as possible equal lengtlis of seale for etpml 
losses of charge. Even with thi.s adju.stment the leaf will not 
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move over llic whole r;itis:e of its motion at the same rate and 
therefore when dilTereiit readings arc heiiifr compared the 
readings slionld all he made over the same portion of the 
scale, that is, the time taken for the leaf to pass over the dis- 
tance helween the same two fixed ])oints on the scale should 
he observed in each case. 'I'liis precaution is essential, fiir if 
the readings are taken over dilTerent sections of the scale dis- 
cordant figures are likely to result, 

25. Calibration of Electroscope, 'fo make ahsolutc deter- 
minations of current hy the electroscope the scale divisions 
must he standardized in terms of volts, d'o do this connect 
a hattery of known voltage, say three or four hundred volts, 
to a potentiometer of large resistance from which definite 
known potentials may he taiiped otT. (‘harge the gold leaf 
to sunicient potential to dellecl it to a point near the beginning’ 
of llie portion of the scale over whieh readings are to lie taken 
and note the reading; then increase the ju.iential by a known 
amount so ns to increase the reading to ahont the upper limit 
of the region over whieh readings are to he taken. Mote thi.s 
reading and the difTerenee in the two readings will therefore 
corre.sju uul to the known increase nf voltage. .*several voltages 
between these two exin'ine ours should also he taken atul the 
readings noted to test ulietlier tin- rradings over the difTerent 
parts of the scab’ usn! are proportif»iial to the voltage. If 
they are not a careful ealihralion over the part of the scale to 
tie used shoultl he* m.nle and a ealihratitm curve plotted. Any 
inovemen! of the h-af aero*i«5 the st’ale will thru correspond to a 
known ehangr of poicufsa! of %o niaii^ v«4h, 
a 6 . Cipicity. ‘The ^apacjiv of ;sn rlrclro>,eo|ie is soujf.. 

times required in making ale>ohifr qiiaulita!i\*r iiira'iiirriiients. 
This may In* diietmiurd hv llir inrilsod of already 

deseril»c*d, ^ t*>, in ctasiirciioii %<i,uh llsr rlrclrearielpr. 

37, Typical Measartroeut of Currtiit by tht lltctrMCftp. 

~A sample iiiraM«rrinrnl of a sets •an.ill riirrnil tiy an clcr» 
trcwrojic will Im* gjvm a-s tllii'ilt Hi* flir ca|Kis*ily of 
the rl«.*tri»wo}K* in faj'.id-‘. and l‘ ilir hrv. of jiotriiiial in volts 
per second llirii .i-> in the ca'-.r of ilir rlrcirisiiirlrr i "T*!*. 
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111 practice the capacity of a h-af sy ivm <>!’ an avrram- 
sized electroscope of ahonl i.oou c.c. io volume is u-aiallv ahuul 
one electrostatic unit. Suppose (he los-, oi ji..ten(ia! weie u> 
volts per hour, which could easily he measitieil. then the loss 
per sec. would he. lo/^fKKi. Therefore tin- euiiriil ihrouLdi 
the gas would he 



lu 
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since (j X lo" electrostatic units t laiail. 

Therefore / 3.0S x 10 ampeie. 

An even smaller rale of leak of (he gold leaf sv'.tem mav 
easily he read with accuracy sn (hat (he eleelroseoju* is l apahle 
of measuring' much smaller currents (lum iu (he elect louieti-r. 

28. Preliminary Experiments with the Klectroscape. A 
few preliminary experiments .should he {terlormed uitli the 
electroscope to familiarize one.self with its use. 

1. Carefully set up an electro.seope witli its reading mieio 
scope and accessories and adjust tlumi earefttlh as alusidv 
described. 

2. Calilirale the scale earefully over its whole uttikable lauge 
and plot a caliliralion curve with volts for ordinates and seale 
divisions for ahsei.ssa'. 

3. Measure several known voltagiN across a lioleutiouietcr. 

4. There is always a certain anunint of natiual elcctiiivd 
conductivity through tlie air which is Usualh (eimed the 
natural leak of the electro.seope (see ('hupter W'l 5. .Mea-.me 
this carefully and calculate the current lluoiigh the an in 
amperes. 

Note . — In using the electro.sco[)e to measui'e ioni/aliou I'lu 
rents this natural leak of the instrument is alw a\H pie^cut and 
must be corrected for as it is iuchuled in the total rate of Irak 
measured. It must therefore always 1 h’ meaHtircd a*^ a jur 
liminary experimeut and subtracted from liu* total raU* nt leak 
to obtain the true current whose value is rctjuiseil. 
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29, Condensefs. " Anolhor class of inslnunrnt isf vi-rv frr- 
(jiii'iit appHcalinn in this Hm* of work is the cnialniser. Iii 
nuitiy cases tlie rate at whicli the eleetr<imeter eh.’U|»i*H up !►, 
far too ra|)i(l to he read with any tlej^ree of aeeuraev nr 
at all. "riiis rapid rale has to he cut denvu to rea«!ahle diiurit 
sions by adding' capacity in parallel with the eleettMOirtrr, An 
adjustable condenser of known capacities is therefore 
aary. If one or more standard suhdivijled e»»ndi*n'>rrs are 
available the prolrlern is solverl, but as they are expensive thrv 
are not available in most laboratorie.s for more tliaii a ver v frw 
atudents. 

(a) Standard Condenser.- h sinifde fonts of eonifnisrr 
which may be used a.s an absolute standard may hr ea^islv nnnlr 
in the form shown in Fig. 15, 'Fwo brasn tnUf* of nfii.sl 



length, <‘ach of uniform .sj/r thronghoitf .md ..sir ,s .nadirs 

than the other, are phu'esl wsih tliru ,4\r-, . . .jsj. s.if u! I ?sr 
inner one is supported ami iusnl.iU-d In tw** .1.. .m!.- .3?... 

while theoiitt'r nju' not niTr-.'..H sK i*'»|sts!i !.• I's?- sgs-.u'.ifr.'; 
If this is luaile aemtratrlv n-. i.ip,4«if% i ju * h . n . -'j,}?.! 
may he ealeulateel h\' the Miih!i.o,\ S<.n!issl,4 




Mg 


| j-r r %'! r :; si . 

354«r?r!4'f r 


where / is the lettglh of r.uh ..f ili,- rUmdrf^i, 4 
diameter of the intirr rUsmler .iiul h slir osirtia.i? 
the outer one, 

{b\ ,Sni^hur ( .\ 4%*.si,SMg vr'i’l 

capacity mav 1 h- m.idr a. i,Ahm \LAr .-i. 
or zinc, all of ihr sasiir >i,?r ami railt 11*1 ^ mSi4 
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and about 0.5 mni. in tliicknoss. baslcn half of llu- nimibrr 
rigidly by one edge to a l)ras.s rod at right angles In llieir pianos 
so that they arc all exactly parallel to each dihor and ahnui 0.5 
cm. apart. Do the same with the nlher hall' and ilu-n place the 
plates of one set within the .space.s of ihe oilier set .so that they 
are equally spaced and parallel, hasten the.se two sets rigitlly 
by clamps in this po.sition, being' careful that the\ are ac 
curately spaced and place them inside a va-ssid In act as a 
mould and fill the mould with pure snlphnr melteil in a clear 
liquid. When it hardens remove the inoidd. 'riie capacity 
of this condenser will of course have to he nusisitred bv t-nm 
parison with the standard condenser, using the eleclrnuieter in 
one of the methods already de.scribed. t 'nndeusers nf a variety 
of sizes may be made after this pattern. 

(c) Paraffined Paper and I'infoll t'oiidenser. A enndenser 
of fairly large capacity in small compass ina\ In* himplv made 
with sheets of tinfoil and paranined paper. Dip slu’ets <if 
thin paper of say a foot square or more in melted parallin so 
they arc thoroughly vSaturated and then allow tn dr\. Ilnild 
up a condenser with lhe.se paranined paper sheets as ditdcctric 
between alternate sheets of thin tinfoil. 'The diincmdons nf 
the tinfoil sheets should be from 1.5 to j iiudics smaller each 
way than the paper so as to ensure good insulation at the edges. 
Each tinfoil sheet may be made witii a tongue pntjeeling from 
one edge to which connection may be made. The alternate 
sheets should be placed so that the projeeting longues are 
situated at opposite edges, so the sheets of each set or aiiv 
portion of them may be easily eonnecled together. A con 
denser of quite a large capacity may he made in tliis form, 
and besides being comparatively cheap and easily matte it has 
the advantage that any portion of tlie total mmiber td' plates 
may be used at a time by cli.sconnecting the remainder am! etui 
necting them to earth. TIic capacity may be ealenlaln! ap 
proximatcly by the ordinary formula for a plate eomleuser or 
it may be measured directly by comparison with a standard. 

(d) Adjustable Condenscr.-^U the actual eapaeit> ni the 
condenser is not required to be known and if small vuriatiojjH 
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and fine adjustments of capacity are required for any purpose 
a convenient' form of sliding condenser may be used. A set 
of parallel metal plates 20 or 25 cm. square and all fastened 
rigidly together at the bottom about a centimeter apart are 
placed in a vertical position. Another similar set is hung from 
two horiziontal well-insulated rods parallel to the plane of the 
first set on which the second set of plates may slide between 
those of the first set. lly sliding the upper insulated set of 
plates hetween those of the other set the capacity may be in- 
creased and c(uite fine adjustments made. 

30. Production of High Vacua.— -As a great many experi- 
ments in this work have to do with low pressures a few details 
will be given in this regard. There are a variety of vacuum 
pumps which may be used. When rapid exhaustion is rc- 
([uired a Ficuss pump is very suitable if a pressure, not lower 
than about a millimeter is desired. If a ])ressnre not lower 
than the aqueous va])or pressure is reciuired the ordinary 
vacuum pump attached to the. wJiter tap is very convenient for 
rapid work. But in the oi)inion of the author the most satis- 
factory pump for general use, e.specially in the exhaustion of 
g'lass discharge vessels of all kinds, .such as cathode and X ray 
tubes, is the glass Toepler mercury pump as described in 
general text-books of physics. 

The form generally given in text-books is shown in (a) 
Fig. j6, but a great improvement on this is shown in (b) at 
the point /I, where the side-tube 7 ' joins on above the reser- 
voir ivh When in use the reservoir wS' is first raised and then 
lowered; the diflerence in prc.ssurc l)clweeii the ves.sel which 
is being exhau.sted and the reservoir R forces the air from 
this vessel through the mercury in T and, unless extreme care 
is taken at the first stages of exhau.stion, it drives the mercury 
with considerable force at right angles to the tube at A and is 
very liable to l)reak the glass at a very critical joint. In the 
form in (b), however, the mercury does not strike the tube 
at right angles l)ut comes round the curve and shoots into the 
reservoir Rj and the danger of breakage is very greatly les- 
sened. A very high vacuum may be obtained with this pump. 
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There is one sli^dit drawhaok with lliis punip. (laniflv, llu* [uvs- 
cnee of mercury vapor at low ])rcssun‘s. 'rhi^ may liowever lie 
very easily rometlied hy ])laciii )4 a t|naiili(y ol .uohl leaf ImiM-Iv 
rolled up ill the lube coiuiccliiii^' llu* pump with the ve-.'.i-l i,i 1 h> 
exhausted. The jjfold leaf ahsorhs tlu‘ uu’rcurv vajior Itefni-e 
it reaches the ve.ssel, which may thus he kepi ipiiie I'rei' from 
vapor. 

For measuring' the gas pressures down to ahout a millhmier 
or two a good nuinonieter should he available along with a 
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pod barometer. For lower pressures u Mel.eod gauge mav 
be used. 

A comparatively rapid and simple melhot! of ohiaining a 
ow pressure depends upon the properly )>osse.s,%ed by eliatfoal 
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made from cocoauiit, by virtue of which it will, at the tempera- 
ture of licpiid air, al)sorb many times its own volume of air 
and other gases. If a ciuantity of this charcoal be placed in a 
glass side tube connected with the vessel to be exhausted and 
this tube be immersed in licjuid air the air in the vessel will 
1)c rapidly absorbed and in a few minutes a pressure low 
enough for the production of cathode rays may be obtained 
even without any previous exhaustion. The quantity of char- 
coal necessary will of course depend u])on the volume of gas 
to be al)sorl)ed. This is an excellent metluKl of securing a 
very high vacuum by first pumping most of the air out and 
then causing the charcixil to absorj) the remainder. In order 
to maintain the high vacuum the charcoal must of course be 
kept in the licjuid air, as when its temperature is allowed to 
rise it allows the absorbed air to escape again into the vessel. 

A troublesome difficulty arises in the removal of the air 
from such vessels as cathode ray and Rhntgen ray tubes from 
the fact that after the low pressure has been obtained the pres- 
sure slowly rises slightly again, due to the air occluded by the 
walls and other parts of the vessel gradually escaping into the 
vessel under the diminished pressure. This is noticeable if the 
vessel be allowed to stand a while after being exhausted, or 
if the walls of the vessel be slightly heated, or again in the 
case of an electric discharge tube of any kind if the discharge 
be caused to pass. The heating of the vessel or the passage of 
the discharge causes the occluded air to escape from the walls 
or electrodes of the vessel. In making a j)ermanent Rontgen 
ray tube or anything of that nature the vessel should be first 
exhausted as low as possible and the discharge caused to pass 
for some time, and as the air accumulates from the electrodes 
it may be pumped out until a permanently high vacuum is 
obtained. Somctime.s the electric di.schargc has to be main- 
tained for several hours l)cfore a .steady condition is reached. 
The trouhlesome rise of pressure in a newly exhausted vessel 
after standing for several hours may in many cases not be due 
to any leakage in the vessel hut to this slow escape of the 
occluded gases. 
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31. Making of Air-tight Joints.- -As many nxprrimrnts in 
this class of work require the filling logctluT ..f siqiarate parts 
of the apparatus so as to he gas-light a U-w hints gained hy 
considerable experience in this ri'gard may he of use. In glass 
vessels it is sometimes recpiired to lit eleetnub-s or nion* eom 
plicated systems so as to be rigid ami gas tight whib' in place, 
but in such a way that they may he removed without destroy 
ing the apparatus as woubl be the ease id' llu-y wen- sealed 
through the glas.s. This is very simply done by the metho(l 
shown in Fig. 17. Suppose that any obji'ct /-. is to In* eiudosed 
in a vessel A so it may be removaal at any time later. Turn 
over the circular edge of A to form a lip all the way round. 

On a glas.s tube make a bulb H td' llu* .same relative 
iC size to the mouth of A as shown in the diagram. 
Through the opening in the hulh pass tlu* rotl sup 
porting II and seal it in the end ( ‘. Then />' may 
i \3 ]">*’! made 

\ / gas-tight with sealing wax. In making si-aliug wax 

joints on glass the gla.ss must first he gently healeil 
till it is hot enough to melt the sealing wax when 
£ rubbed over the surface. If the sealing wax he 
simply melted and dropped on the cold glass it will 
chip off and he (|uite useless. When the two glass 
A .surfaces to be joined are thus covereil with a fairly 
thick coating of wax gently heal both and press them 
^ together and allow to harden. 'I'lien any holes may 

be closed by melting on more sealing wax aiul very gmitly 
heating it till it runs well together, 'fhe wax .slmnhl not he 
heated to the point of ignition. A perfectly gas tight and 
rigid joint may be obtained in this manner, ( Hass and metal 
may be easily joined together in the same way. 

In the case where two parts of metal or other material lit 
together fairly clo.sely hut are iu)l air-tight and any tneehanieal 
strain is borne by the .solid parts themselves, parathn is about 
as good a material for tightly closing the joint as an> thing. 
If the paraffin be carefully melted on a piece of heuleti metal 
and run around the opening in a fairly thick coating the joint 
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may be made perfectly air-tight. This of course is of no use 
if the apparatus is to be heated above about room temperature. 
There arc several varieties of soft wax which work about 
equally well for this purpose but paraffin, if clean, has the 
additional advantage of being a good insulator. 

Any metal vessel such as a brass cylinder into which any 
form of apparatus is to be put and then the cylinder closed 
and heated to any temperature up to 300° C. or so may be 
made gas-tight in the following way: Around the opening to 
be ck)scd attach a metal llange aa as .shown in Fig. 17a. 
This should be attached by brazing, as solder- 
ing will not of course stand very high tempera- 
tures. Make a metal plate hh as covering to 
fit flat on the flange and towards the outer edge 
pierce both plate and flange with holes so that 
they may be bolted together. Draw a lead 
wire down to a diameter of a millimeter or two 
and place this in a circle on the flange 
inside the circle of holes, having the two ends which have been 
shaved down thin overlapping. Ordinary fuse wire serves the 
purpose admiral)ly. Place the metal plate in position on top 
of the wire and then tighten the bolts, gradually flattening out 
the wire till it reaches about one third its original thickness. 
If carefully done this will make a perfectly tight joint which 
will stand temperatures where no kind of wax or paste would 
be of any use at all. 
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32. Some Properties of ^Cathode Rays, rhosf^lun'tw'coit 
Action . — As seen in §7 llio eledrie diseliarf^t' a( ln\v pre-ssure 
causes a .stream of miiuile parlieles to issue nonnally iu straijjtlit 
lines from the cathode which produce pho.sjjlnireseeuee in the 
glass when they impinge ujnni it. 'These eathode rays produee 
phosphorescence in a variety of .substances hesiiU's glass. 
Tubes containing substances showing tins action of cathode 
rays maybe obtained alrea<ly prepared from ahuo-d any of tlie 
large firms which supply general physical apparatus. If such 
tubes arc available observe the phosphorescence jirodueed in 
the different sub.stances when the discharge passes. If the 
discharge tube is made in the laboratory several tubes may lu’ 
made, each containing in the end remote from the eathmle 
(Fig. 5) a different .snhstanee which phostihoresees under the 
action of the rays. .Such substances are dilTerenl kinds of 
gla.ss, calc-.spar, pola.ssiimi or barium plat ino cyanide, and 
several of the rare earths .such as yttrium, liiorium, etc. 'This 
phosphorescent property is a very useful one iu detecting and 
observing the rays. 

Casting of Shadoiv. ~-~T\ k' rays may he slopped by an opatpte 
obstacle placed in their path. This may he ohserveil by means 



Fifi. 18. 


of a tube similar to that .shown in log. iK, in which a piece of 
metal a stands in the path of the rays. 'The rays falling upon 
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a are stopped and a distinct shadow is cast on the end of the 
tube at h. Such a tube may be obtained from almost any large 
instrument firm. This piece of metal is usually hinged at the 
lower point so that it may be dropped down out of the path 
of the rays. 

With such a tube allow the discharge to pass for several 
minutes with the cross in the erect position and observe the 
shadow cast. Then drop the cross out of the way and observe 
the appearance on the end of the tube. The portion which 
was originally in complete shadow will now appear to phos- 
phoresce more brightly than the surrounding parts. This is 
due to the peculiar fact that the glass shows fatigue under the 
action of the rays and diminishes in .brightness while the part 
which was originally in shadow has not experienced this action 
of the rays and therefore appears brighter. 

Heating Effect . — Make a discharge tube of about 20 or 25 
cm. in length as shown in Fig. 19, in which the cathode is con- 
cave and spherical in curvature and the anode consists of a 
piece of platinum about 2 cm. square and from 0.2 to 0.4 mm. 
thick. This anode should be placed at the center of curvature 
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Fig. 19. 


of the cathode so the cathode rays may be concentrated upon it. 
After the tube is pumped down to the proper pressure send a 
fairly strong discharge through the tube until the anode begins 
to glow. This glow is the result of the anode being heated 
by the stream of cathode ray particles bombarding it. The 
platinum may thus be made incandescent, showing the marked 
heating effect and energy of the cathode rays. 

33. Magnetic Deflection of Cathode Rays. — A discharge 
tube of the pattern shown in Fig. 20 will be found very suit- 
nhlp fnr thp fnllowinp' exoeriments. In a tube of from 30 to 
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ium diapliragiB abont 5 mm. in Ibiekuess at ibc point a at a 
distance of a couple of ccnlhnelers fnun llu* calliotle. 'This 
diaphragm should be pierced by a hole alu.ul i nun. in tliani- 
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eter. Fix in the other end at b a phosphoreseenl seretui of 
barium platino-cyanide. A distinct beam of cathnde rays will 
emerge from the hole in a and proiluce a phosphnreseeut 
spot on b. 

Place the tube between the lades of a moderately .strong 
electromagnet, the strength of which may be regulated to suit, 
so that the magnetic field is perpendicular to the plane of the 
diagram. Observe that the bright ,s[h) 1 (ui !> will move at 
right angles to the direction of the magnetic field. 'The direc- 
tion of motion will depend upon the polarity of the electro- 
magnet. Reverse the polarity of the magnet and observe the 
spot move in the oppo.sitc direction. Determine which is the 
north and south poles of the magnet in each rase and note 
carefully the direction of motion of the spot in relation to the 
direction of the lines of force of the nmgnelie field. Note that 
the deflection is in the same direction as wouhl he produced on 
a negative charge of electricity moving fnuu the cathode lt> 
the anode. 

34. Electrostatic Deflection of Cathode Rays, Place two 
metal plates of about 3 cm. by to cm. on oigu.site .sides of the 
tube and parallel to each other a.s indicated hy r and d in 
Fig. 20. Apply a steady potential ditrerence to these two 
plates of from 500 to 700 volt.s. Thi.s will he he.st t»htained 
from a set of three or four hundred .small aeeumulator.s. 
Observe the movement of the .spot on the .screen. Rever.se 
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the volta^^e and observe, that the spot moves in the opposite 
direction. Note that the direction i.s the same as a negatively 
charged body would move under the action of this electric 
field in each case, Hoth the magnetic and electrostatic deflec- 
tions indicate that the cathode rays are negatively charged 
bodies moving with a high velocity from the cathode, 

35. Cathode Rays Carry Negative Charge.— The negative 
cliarge carried by the cathode rays is probably their most im- 
portant characteristic, 'fhis property was originally proved 
by direct exiieriment l>y Perrin and his method was later modi- 
fied by J. J, Thomson. 

A special form of discharge lube is necessary for this ex- 
periment and i.s sliovvn in I'ig. 21. This may be made in the 
laboratory, or any glass-blowing firm will supply it to order. 



CP is a glass bulb from 12 to 14 cm. diameter. A is the 
catliodc and B the anode which should be connected to earth. 
Tills anode consists of a brass plug about i cm. long pierced 
by a hole about 1.5 mm. diameter and fitting tightly into the 
glass tube which may he made a couple of centimeters in 
diameter. The cathode rays after passing through the hole in 
B fall upon the wall of the bulb at a point C and produce 
pbosiiborescence. Another side tube of 2.5 or 3 cm. diameter 
whicli i.s out of the line of fire of the rays contains two coaxial 
metal cylinders. The inner one D has a narrow slit in the side 
as shown and is carefully insulated and connected by a rod 


44 


CATIIOUK UAYB 


with an electrometer. The outer tul)e /' has ;i slit oppnsile 
that in D and is connecled to earth. This shields D and its 
connecting' rod from any stray electrical elletts. 

Connect this dischargee tube to the air pump aiul carefully 
exhaust it until cathode, rays appear when tlu' ilischarge is 
passing. The discharge may he ])rodticed either hy an indue ■ 
tion coil or Wimsluir.st. nuicluiu-. 'Phe rays will pcdtluee a 
phosphorescent spot at C. d'est liy means .d' lln- c'leelmnieti'r 
whether D has any charge, il will prohahly he lound that 
there is a very slight iuilicatiou uf charge tai P due to a little 
stray ionization getting into /h hut (his ell eel slu'uld he small. 
Now, using a comparatively strung magiiel. hend the beam ul 
rays round until they fall upon the openings in /•,' and IK 
The movement of the. rays may he folluweil hy the phunphni- 
esccncc they produce. As soon as they fall upon P a smlden 
charging of the electrometer otighl to he uhserveil. idmwing 
that D is receiving a charge, lleml (he rays still farther numd 
till they miss the opening in P and uhserve that the charging 
up of D ceases. Tc.st the electrometer for polarity hy a eell 
to determine whether the charge received hy P is pu-.ilive or 
negative. The test should show that the cliarge is lu'gative. 
This shows that the cathode rays ctirry a negative charge. 

Allow the rays to fall for .some length (d* time on P, .and 
observe that i9 continues to charge up until il reaches a ei-rtaiu 
maximum value and will nut charge up heyoiul that value no 
matter how long the ray.s continue. 'I'liis .shows that when 
this state is reached I) is losing charge as fast as it is ae«piired. 
As will be plain from suhsetiueul experiiueuts this is a result 
of the gas around J) ])cing made eouduetiug hy heiiig inni/ed 
and thus allowing the charge to, leak oil as hist as it is actpiired 
after it reaches a certain value. 

36. Velocity and Ratio of the Charge to the Mass of a 
Cathode Ray Particle.—Siuce the ealhoile rays consist of 
particles carrying a negative eharge and moving with a high 
velocity it ought to be po.s.sible to measure this veloeity experi 
mentally and to determine the relation between the mass of a 
particle and the charge which it carrie.s. 'Phe possibility of 
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(k>nc'Cliii^' llicsc rays l)y a niaffuctic and electrostatic field 
fiiniislies a means of determiniiiji' Ibese ((iiantitics. 

A si)ccial form of discharg’e Uifie will be recjuired for this 
delermination. U slionbl be very carefully made by an 
ex])ert j;1ass blower so that the dilTerent parts are carefully 
lined up and accurately situated relatively to one another. The 
form of the tube is shown in Fig. 22. The total length of this 
tube should be in the neighborhood of 60 cm. C is a flat 



cathode from which the rays travel in straight lines. A and B 
are thick metal i)lttgs about 2.5 cm. in length and 5 or 6 cm. 
apart and fitting tightly in the tube of about 2.5 cm. diameter. 
A forms the anode and they are both pierced by holes about a 
millimeter in diameter which must be in exactly the same 
straight line so that a very narrow beam of rays may pass 
along the axis of the tube and fall upon a screen of phos- 
phorescent material at the other end. If the curvature of this 
end of the tube be small the pho.sphorc.scent material may be 
Iilaccd directly on the surface of the glass, but otherwise it 
may be placed on a flat transparent .screen situated just inside 
tbe end of the tube. On this screen is a vertical scale in 
millimeters. Near to B are two aluminium parallel plates D 
and /i about 4 cm. wide and lo cm. long and from 2 to 2.5 cm. 
apart. 

Kxhaust tbi.s tube carefully and observe in a dark room the 
phosphorescent spot produced by the ray.s on the screen. It is 
better to use a Wimshurst machine than an induction coil to 
excite the discharge tube for this experiment as the Wimshurst, 
if carefully -run, will give a more steady current through the 
tube. 
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Lot V cm. per .soC{>ii(l bo tlu' volnoitv <if ilio imtviniv partiolo, 
w its mass and e tho obarpfo it onrrios in oloolrnsiaiit' units. 
Let the tube bo placed in a striuij^' niapiupio iiold so that the 
linos of force arc pcrpondicnlar to the piano of tlu* diapr.-nn. 
The beam of rays will bo dollocli*d in a vorlii'al plam* so that 
the .spot on the scroou will move aloni’, tho vortioal scale I'roni 
a to 1), Let this Hold bo of stronj^lli //. 

When a field //acts at ri}j;'hl anplos to an t-loclrio onrront (' 
the force actinp; at right angles to tlu* plain* of the Hold and tlu* 
current is II x C. Thoroforo tin* force acting along, tlu* railin-' 
of curvature of the path of the [lartiolo lending to dolh*cl the 
moving charge, which is ot[nivalonl to a cunoni o<piai to is 
equal to Ifcv, This must bo oipuil tti the cmtiilugal i««rco 
of the moving ])artiolo acting otilwaril along the radius of 
curvature which from dynaniic.s is equal to )ii, ' /. svltoio r i*. 
the radius of curvature. 

Therefore //<•?' = ; 

r 

or I/r . ( 1 ) 

I' 

H and r can both be dolorminod as will be shown and thoroforo 
viv/c is known. 

Now if a dififcrcnce of potential bo established bet ween the 
two plates D and 11 a uniform elootrie field will act on the 
beam of rays, and if it is apidied in tlie right direct ion it will 
tend to deflect the rays in a direction opposili* to the magnetic 
deflection. Ix't this cleclric field he .V in electro-.tatio units; 
then the force deflecting the beam will he Ah*, 'riio magnetic 
field and the electric field may he adjusted .so that tin* delloeiion 
produced by one will be just Cfpial to that produeotl bv llie 
other, and if they arc in opjMisile directions the one will just 
balance the other. Under tliese conditions, then, 

AT llcv) 


(U 


therefore 


A'" 

7 -' « . 
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X and H can both be measured and therefore v is determined. 
Supplying this value of v in equation (i) the value of c/m 
may be determined. 

The magnetic field used to produce this deflection should 
be as uniform as possible, as the above calculation is made on 
that assumption. It may be produced by means of an elec- 
tromagnet of a form similar to that shown in Fig. 23 of which 
the faces of the pole pieces arc plane and about 4 or 5 cm. 
broad by about to cm. in length. These pieces should be just 
far enough apart to allow the tul)c to be placed between them. 
Place the tube between these poles 
so that the magnetic, field is parallel 
tojhc plane of tlic plates D and E. 

Adjust the current through the coil 
of the electromagnet till a deflec- 
tion of the spot of a few millimc- Fio. 23. 

ters is produced. Apply by means 

of a set of accumulators a steady voltage to the plates D and 
./i in the proper direction to ojTpose the magnetic deflection. 
Adjust this voltage and the magnetic field till the spot returns 
exactly to its zero position, ''i'hen measure H and X. 

The strength of field // may be measured very conveniently 
by means of a ballistic galvanometer and a small search coil 
which may be placed between the poles of the magnet when 
the discharge tube is removed. From the ordinary theory of 
the ballistic galvanometer and of currents induced in a coil 
of known dimensions when .suddenly removed from a magnetic 
field, as given in any text-book on this subject, the number of 
lines of force per s((uare centimeter, that is 11 , between the 
poles of the magnet may be calculated. This should be care- 
fully determined.' 


mea.snrcments in e(|uation (2) and obtain v. 

Remove the electrostatic field and observe the deflection db 
on the scale. From this and the distance between a and the 
face of B the value of r may be obtained as follows: Since in 
any circle the square on the tangent is equal to the rectangle 
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contained by the sej^menls of tin* sivaiit fmiii tin- sniiii' jxiint 
and since IH^ is a very short arc id a \im\ laij^e ii\rU' to 
which aB is a tanf^vnt at H, ns shown in I'ld- -’I- Ihcrrforr hi) 
may be taken as practically equal to ihe dianielcr of ihe larqe 
circle, and therefore we have 


aB' 


Therefore 


2 /' S=5 


ah (ah 
a IB ^ 
al> 


ah, 



from which r is determined by measurinj; aB and ah in ei’nli- 
melers. 'I'herefore on sniiplyin^ the 
values obtained for //, r and v in 
eiiualiou ( l ) the laitio e in oblaineil. 

lly the use of fhi'' uu'lbod Ihe aveio 
ajjfe value of v has hern Intind to lie 
2.8 y’ 10” cm. per seeoiitl. 1 bis value 
is not (pnte eonslanl. as it varies .some- 
what with the fall of potential in Ihe 
disebarj^e tube. Tbe value of a lit 
luis hei'U delermiiit'd .a jpi*al many 
times and by ililfinenl methods, and 
the latest determinations give the value ;is 1,7 • iiih 
37. Comparison of c/ni for the Cathode Particle with that 
for the Electrolytic Ion. In the eondmtion of rleeiiieitv 
through a solution the electrolytic ions which are set free by 
electrolysis carry an electric, charge and the ratio <d' this charge 
to the mass of the ion may also Ite determined, 'lake the e.ase 
of the hydrogen ion and let M he its mass in grams and /*' Ihe 
charge which it carrie.s. Since 1.0357 '< 10 '• is tlie eleelro 
chemical equivalent of hydrogen it retjuires om* coulomh of 
electricity to liberate 1.0357 X to'‘ grams of h\drogfu fnun 
a solution. Therefore it retjuires <j(>55n ndctmhs, or 0055 
electromagnetic units of eleelrieily, to liberate one giam and 
9655 units to liberate !\I grams or one ion. 'rin-rehire 
the hydrogen ion in its migration through the suh\tiou must 
have carried a charge of (X)55 X M tmits, and therefore 
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77 — and wc have il/M — 9655, which is very 
approximately io'‘. Since hydrogen has the smallest atomic 
mass known this ratio for hydrogen is the largest such ratio 
known in electrolysis. 

By comparison then the value of e/in for the cathode ray 
particle is 1,700 limes the value of E/M for the hydrogen ion 
or atom. In a later chapter the value of c will bo determined 
and it will he found to l)e equal to the value of E for hydrogen. 
It follows then that the mass of the cathode ray particle is 
1/1700 of the mass of the hydrogen atom. The cathode ray 
particle i)ossesscs the smallest mass yet known and it is vari- 
ously called by the name of negative “ corpuscle,” negative 
“ ion ” or electron. 

38. Lenard Rays.— -It was long considered impossible for 
cathode rays to pass through any solid material. Hertz was 
the first to disprove this and he showed that if the rays fell 
upon very thin aluminium foil or gold leaf a distinct phos- 
phorescence on the other side of the foil was produced which 
could be deflected by a magnet. Later Lenard made a very 
thorough investigation of this ([uestion. The following experi- 
ments which may be performed in the laboratory will illustrate 
the methods which he employed. Make a discharge tube of 
the form shown in lug. 25, Tl\ is a glass tube about 20 or 
25 cm. in length and from 4 to 5 cm. in diameter, C is a flat 
aluminium cathode sui)portcd by a stifl: aluminium wire and 
this wire is completely surrounded by a small glass tube a/) 
which* is scaled at b around a ])latinum connecting wire in the 
usual way. This may very easily be fitted into the larger tube 
'n\ by joining a short tube d, into which ab just fits, to the 
larger tube as shown. The ojjcning between ab and d mtiy then 
be closed l)y scaling wax, .-iA is the anode wliich consists of a 
metal cylinder about 3 or 4 cm. long surrounding ab and whose 
support passes out through a side tube f. The end of the 
large tube should be carefully ground flat so as to fit on a plane 
surface. Close this end by a brass plate about 1 mm. thick 
and seal it to the tube with sealing wax or marine glue. 
Through the center bore a hole about 1.5 mm. in diameter. 
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Cover the hole with a sheet of thin ahiininium ft til in the 
neighborhood of 0.002 inni. In Ihiekness aiul rare fully seal It 



Fiti. 

down. I-Ulx is a glass tube about 15 eni. Itmg with llir rnd II 
ground flat to fit the plate and .sealed to it by wax or glut*. 

Connect the plate P ami the anode lo earth and exliau;-.( the 
tube TT-y until a powerful discharge of calhtHle rays is pro- 
duced. Observe in a dark rtHitu the phosphoresceuee in ////, 
around the alumimuiu window in /’. ( tbserve that when the 

air in is at atmospheric pressure this phosphorescence 

extends only a short distance beytind the window. Now 
gradually exhaust the lube ////, and observe that as the pres- 
sure is lowered the rays extend farther into the tube, until, 
when a very low pressure is reached, a well detlned beam (tf 
rays extends along the tube, bring a magnet near this beam 
and observe the ddlection of the rays. 

If a phosphorescent .screen with a scale similar to that in the 
tube of Fig. 22 be placed in the end //, c»f the lube ////, ;md a 
magnetic and electric field be applietl to the beam of rays the 
velocity of these rays and the ratio cfm may be determined by 
the same method as was described in §3f) in the case of cathode 
rays. Lenard mea.siired these cpianlities and found that these 
rays were tran.smilted with a somewhat higher vehteity than 
ordinary cathode rays, but that the ratio i\’m was the same as 
for cathode rays. These rays beyond the ahmuuium window 
act in all respects like cathode rays. 'Fhey are iileiitieal with 
cathode rays, but since they arc produced outside the eailiode 
ray tube they are usually called Lenard rays to diNtingiiish 
them from those produced inside the tube. 
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39. Canal Rays. — Goldstein, in working with a highly ex- 
hausted tube, found that if he used a perforated cathode instead 
of a solid one luminous streams emerged through the holes in 
the cathode in the direction opposite to the cathode rays. 
These rays have l)ccn called Canalstrahlcn or canal rays. They 
produce phosphorescence and they may be deflected by a 
magnetic and an electric field, but the deflection is much less 
than in. the case of cathode rays, and it requires extremely 
strong fields to produce the deflection. The direction in which 
they are deflected is opposite to that for the cathode rays which 
indicates that they arc positively charged particles. The 
velocity and the ratio of c/m for these particles have been 
determined. It is found that they travel with a smaller velocity 
than that of cathode rays. The ratio c/m is not constant as in 
the case of cathode rays, hut shows a considerable variation 
under dilTcrcnt conditions. The maximum value found was 
about I o'*', which, as we liave seen, is the ratio of E/M for 
the hydrogen ion in electrolysis. 'I'liis indicates that the mass 
of these positive ions is at least of the same order as the 
mass of the hydrogen atom. The positive ion therefore ap- 
pears to be atomic in sij:e and is at least about 1700 times the 
mass of the negative ion produced in a gas at low pressure. 

These rays may be observed by using a discharge tube of the 
form shown in lug, 26. It may be easily made from a glass 
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tube about 2,5 cm. in diameter and 25 cm. long. The cathode C 
consi.sts of a fiat aluminium di.sk whose support passes through 
a side tube so that it may be out of the way of the rays. 
The disk C is perforated by a number of holes about i to 1.3 
mm. in diameter, 



52 


{’ATIIODK RAYS 


Exhaust this tube and wlu'ii the pressure is in (he nei|4hh(»i 
hood of that required fnr the pnidnetion of ealhode rays pass 
discharge through it and carefully watch in a darkened runn 
as the pressure is gradually lowered, fur the appiairanee of ih 
luminous streams emerging from the holes on llu' side (»f lli 
cathode remote from the anode. ( )hserve the phosphoreseenc' 
produced on the glass. Apply a strong inagnetii' field and alsi 
an electrostatic field to the rays and note the tlellei-iion whiel 
results in each case and the direction of this delleeiion. 


CHAPTER IV. 

RciNTGEN RAYS. (DESCRIPTIVE.) 


40. Origin of Rbntgen Rays. — The negatively charged 
cathode ray particle travelling with .such a high velocity must 
possess considerable kinetic energy. Sir J. J. Thomson has 
shown mathematically that when ,a rapidly moving electric 
charge is suddenly brought to rest an electromagnetic disturb- 
ance is produced in the surrounding medium and it travels 
outward from the suddenly arrested particle. Thi.s condition 
is fulfilled when a cathode ray particle i.s suddenly stopped by 
striking again.st a solid body. Jn the year 1895 Rihitgen ob- 
served, in working with an ordinary cathode ray tube, that 
some sort of radiation was produced outside the tube. Phos- 
phore.scent bodies jilaced outside the tube were strongly excited 
and a iihotographic plate in the neighborhood became black- 
ened. These radiations dilTer in many ways as we shall see 
from cathode rays and have been called Rdntgen rays after 
their discoverer. 'I'he name first applied to them was X ray.s 
and this name is still commonly used. They travel in straight 
lines with very high velocity. 'Pliis velocity of propagation has 
been measured by Marx and found to be the same as the 
velocity of light, namely 3 X to"* cm. per second. 

41. Rbntgen Ray Focus Tube.“-For purposes of experi- 
mental study and the practical ajiiilication of Rdntgcn rays 
they are iiroduced by means of a particular form of discharge 
lube whicb is usually called a focus tube. This tube takes 
several modified forms, all of which however conform to the 
same general jirinciple, which is .shown diagrammatically in its 
simple form in I'ig. 27. This simiile type of tube will serve the 
purpo.ses of all the experiments de.scrihed in this chapter in 
wliich no ciuantitative measurements are required. If however 
the automatic form which will be described in the next chapter 
is available it will serve the purpose even better for these experi- 
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merits. AB is a large glass Inilb anywhere from 15 to 20 
cm. in diameter with the two elcctrode.s a and b. The cathode 
a consists of a spherical concave piece of metal u.sually aluniin" 
ium. The cathode ray.s proceed normally from the .surface of 
a and on account of its spherical .shape are brought to a focus 
at the point c on the anode h. This anode in its simplest fttrm 
consists of a flat platinum plate placed at an angle of 45" to 



the axis of a and so tliat the centre oi b is at the point c. I'he 
cathode rays are thus brought to a focus at the centre of the 
anode, and hence the name focus tube. The electromagnetic 
pulses or Rontgen rays therefore have their origin at the 
anode b and travel outward in all dircction.s. 

To generate the rays the electrodes arc connected to the 
terminals of the secondary of an induction coil or to a Wims- 
hurst machine. The discharge must of course he .sent through 
the tube in the right direction so that a h the catluHle. This 
is easily determined by the appearance of the di.scharge, for 
when the direction is correct the half of the bulb towards u 
cut oflf by the plane of b will be clearly defined by the phos 
phorescence produced by the Rontgen rays falling upon 
the glass in tlxat half of the bulb while if the disch arge is in 
the reverse direction the phosphorescent illumination will be 
very irregularly distributed. 

^ The followmg experiments should be set up and performed 
in a room wliicli may be completely darkened so as to facilitate 
the observation of the phosphorescent and photograidnc action. 
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42. Phosphorescent Action of Rontgen Rays. — One of the 
earliest observed properties of Rontgen rays was their phos- 
phorescent action on certain substances. This is easily ob- 
served by the phosphorescence produced in the glass by the 
rays falling upon the inside of the bulb as mentioned above. 
This phosphorescence may be observed in a great variety of 
solid substances such as the double sulphate of potassium or 
uranium, crystals of wilHmite, platino-cyanidc of barium and 
quite a number of compounds of the alkali metals. Obtain 
specimens of as many of these substances as possible and allow 
the Rontgen rays to fall upon them in a darkened room and 
observe the luminescence produced in each case. Note the 
difTerenccs in color and intensity of the phosphorescence in 
the various substances. 

A screen made of one of these sub.stanccs will be found very 
useful and almost essential in many qualitative experiments on 
Rinitgen rays for detecting the presence of the rays and noting 
differences in intensity, etc. Such a .screen may be made by 
taking a thin sheet of white bristol-board 30 cm. scpiare and 
dusting a uniform and fairly thick coating of fine crystals of 
platino-cyanide of barium over the surface which has been 
made adhesive by a thin coating of paste. This should be 
mounted in a frame. Such screens may be obtained from any 
scientific instrument maker who deals in Rontgen ray apparatus. 

43. Penetrating Power of Rontgen Rays.— Rontgen rays 
dififer in a very marked degree from cathode rays in the fact 
that they are able to penetrate bodies of considerable thickness, 
while wc have seen that cathode rays can not. Their penetra- 
ting power, as well as some of their other properties, depends 
upon the conditions existing within the Rontgen ray bulb. 
With a very low pressure within the tube, and consequently a 
large potential difference between the electrodes, the rays pro- 
duced possess considerable energy and are very penetrating, 
being capable of going tbrongh .several centimeters of wood 
and even several millimeters of a dense substance like lead. 
Such rays are usually called “ hard ray.s ” and the bulb from 
which they are i)roduced is often termed a “hard” bulb. In 
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the case of a higher pressure uiul eonseciueiit snialUn- (HlTi'i-eiice 
of potential the rays are less jK'iielrating and are called “soft 
rays.” A Rcintgeii ray bulb of Ihe simple type described in 
§41 will usually become “hard” alter being used for a con- 
sidcrable time, owing to the fact that at these low pressures 
the long-continued ])assage of the discharge seems to drivt' the 
gas into the walls of the bulb and tlins Itiwm's the pressure, 
The gas maybe driven out of the walls again by very eari'fully 
warming up the bulb slightly from outside, 

■ If two bulbs are available, one a “bard” and the other a 
“soft” one, compare approximately Ihe relative penetrating 
power of the rays from the two bulbs as follows: Allow the 
rays from each of the bulbs in turn to fall upon the llnorescent 
screen and note the intensity of illumination in each case. Now 
place ill the path of the rays a sheet td’ wood sd' ime or two 
centimeters in thickness and observe by me.ans id” the sereeii 
that the intensity is cut down more hy Ihe wood in Ihe case of 
the soft rays than in the ca.se of the bard rays. 'Phis may also 
be tried with many other substances such as thin sheets of 
aluminium, brass nr lead. 

Different .sub.stances ab.sorb rays of any paiticular type to 
a different (legree. (ienerally speaking the denser ,snbslanci>s 
produce the greater ab.sorption. Metals at)sorh the rays more 
than such materials as wood and glass, and even the metals 
differ widely among them.selves in this respect. .Muminium, 
for instance, allows a much greater proportion of rays to pass 
through it than does the .same thickness of h-ad. 

Using a bull) of medium degn-e of “hardness” test the 
absorbing power of dilTerenl substances as follows: i'roenre 
specimens of dideront materials sneb as alnmininm, brass, 
zinc, lead, wood, gla.ss, cardboard, miea, ete., in the form of 
sheets about a millimeter or two in Ihiekness and about 
cm. .square. Tbe.se .s])eeimens .sbonld all be of the same tbiek 
ness. Aiiaiige four or live of tbeni si(le by sitle in the same 
plane by means of a frame or otherwise and place them in the 
path of the rays between the Inilh and the pli t isphe iresec’iil 
scicen, so that the ray.s fall perpendienlarly upon ami pass 
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through all the specimens simultaneously. Observe the differ- 
ence in intensity of the rays as shown by the screen after 
passing through each of the specimens. Repeat this for all 
the specimens at hand and note carefully the difference in 
their power of absorption. 

The amount of absorj)tion ])roduced in a given type of rays 
depends of course upon the thickness of the absorbing material. 
Procure several si)ecimens of sheet aluminium varying in thick- 
ness from about .1 mm. to 5 or 6 mm. Arrange these as in 
the previous ex])eriment so that the rays fall u])on them simul- 
taneously, and observe the absorption produced by the different 
thicknesses of the same material. Repeat this with a set of 
specimens of sheet lead and also any other substance available. 

This difference in the ab.sorbing power of different sub- 
stances is well illustrated in the case of parts of the human 
body. Place the hand or arm close up against the phosphor- 
escent screen between the screen and the Rcintgen ray bulb. 
Observe the comparatively dim outline of the fle.sh and the 
well-defined outline of the bones, which is due to the fact that 
the llesh absorbs the rays only to a .small extent while the bones 
absorb them much more. The latter thus casts a much deeper 
shadow than the former. It is by this means that any foreign 
substance, .such as a Inillet, may be located within the body by 
means of the Rdutgen rays, as such a .substance will cast a 
deeper shadow than the surrounding parts of the body. 

44. Use of Lead as a Screen from the Rays.— It will be 
observed in Ibe alnive experiments that lead ab.sorbs the rays 
to a greater extent than any of the other substances. This 
great absorbing power of lead serves a very useful purjiose in 
.screening anything from the action of the rays. It is usually 
of advantage and very oflen nccc.s.sary to work with a well 
defined beam of rays. Since the Rdntgen ray bulb gives out 
rays extending over a large area it becomes nccc.ssary, in order 
to obtain a well defined beam, to .screen off a large proportion 
of the rays and use only those travelling in a given direction. 
This is done by placing in front of the Inilb a large thick sheet 
of lead with a well defined hole of the proper size cut in the 
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sheet exactly opposite the anode of the hull). ( )nly the rays 
which emerge from this hole are available for observation and 
the extent of this beam is regnlated by the size and shape of 
the hole. Before proceeding farther with any experiments on 
Rontgen rays a permanent screen should be set up in a con- 
venient place where it will not re([uire to be niovtsl. 

Make a strong wooden box at least 3 or .j, fi'ct stpiarc'. If 
space will allow, an even larger one will be found convi'nient. 
Make one whole side of the bo.\ to open on hinges as a door. 
Carefully cover the box on all six sides with sheet lead about 
^ inch thick, being careful that there are no openings at the 
joints of the lead. Set this box nj) beside the table on which 
the rest of the apparatus is to be arranged. In the side of the 
box facing the table cut, at a convenient height, a hole about 
8 cm. square. On the in.side of the box opposite the opening 
set up the Rontgen ray tube, careftdly placing it so that the 
anode faces the opening an<l the axis of the tube is horizttnial 
and parallel to the face of the 1k)X. 'I'lds may be done con- 
veniently by placing two wooden brackets on the wall of the 
box, one on cither side of the opening and placing on each of 
these an insulating block of ]>aranin cut out to tit the tidies 
A and B (Fig. 27), which rest on these blocks. When care- 
fully adjusted firmly fix the tube to these blocks by running a 
little melted paraffin around the place of contact, ('are must 
be taken in doing this so as not to crack the tube by the 
hot paraffin. 

Place inside this box also the induction coil or WimsbursT 
machine and all their connections by which the bulb is to be 
run. Make connection.s from the induction coil to the X ray 
bulb by means of very fine double covered wires, not largt-r 
than about No. 32, a.s heavy wires are unnecessary and are 
apt to put a strain on the different parts of the bulb, lie very 
careful that these wires do not come in contact with the glass 
of any part of the tube, for if they do the glass is apt to be 
punctured by a spark. Besides .serving as a .screen to control 
the beam of Rontgen rays this lead-covered box serves to 
screen off from the tc.sting and measuring apparatus all cleetro- 
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static disturbances which mi^dit he caused by the induction coil 
and connections. All the dilTerent sections of this lead cover- 
ing should be carefully soldered together and connected to 
earth. I'his screening and earth connection is very important 
to insure favorable conditions for working. A neglect of this 
is very often the cause of trouble in this cla.ss of work. 

In order to secure a beam of rays of any desired .shape or 
area of cross section it will be found convenient to cut a .sheet 
of lead of the same thickness as used in covering the box and 
about 25 cm. scjuare, and arrange on the face of the box a 
pair of grooves into which this sheet may .slide so as to cover 
the opening in the box. In this .sheet a hole of the desired size 
and shape may be cut. A number of such interchangeable 
screens may be made to suit the dilTerent requirements in 
each. case. These screens should fit closely to the face of the 
box so that no stray rays may escape around the sides. 

45. Photographic Action of Rontgen Rays.-™When Rcintgen 
rays fall u])on a photographic plate they produce an cfifect ex- 
actly similar to that of light. The elTect i)roducecl depends 
upon the intensity of the rays and the length of time of ex- 
l)osure. C'onsetiuenlly if the itUensity has been diminished by 
passing the rays through an ahsorhing material before reaching 
the plate the elTect on the plate will l)e climini.shed. The differ- 
ence in the al)SoiT)ing iniwer of different materials thus enables 
us to make Rfinlgcn ray pbotographs. h'or in.stancc, photo- 
graphs of the interior of different parts c»f the human body 
may be made as shadows if tlie.se were thrown on the plios- 
idiorescenl screen as in ^ 43. Rtintgen ray photogra()hs differ 
from light photographs in the fact that the latter are produced 
by relleclion of the liglit from the {ihject photographed, while 
Rrmtgen ray pluitographs are produced by the ray.s after pass- 
ing directly through the object. 

Wrap up a photograpliic jdale in Idack paper so as to ex- 
clude any light. 'Phis of course tloe.s not prevent the action 
of Rtinlgeii rays, as they will penetrate the i)aper. Place this 
enclosed plate a fool or lvv«> in front of the X ray bulb. Place 
the hand close to the plate between the plate and the bulb. 
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Allow the rays to act for 15 or jo srcdiuls. 'i'iiis lime will de- 
pend greatly upon the slrenglh of Ihe rays ami will have to he 
tested hy a preliminary trial for (he particular hull) used. 
Develop the plate in the ordinary way and observe the im- 
pression produced. 

On a thin hoard about d fu- mm. (hick fasten various ob- 
jects, such as disc.s of metal or coins of dillei'eiil kinds and 
different thicknesses and objects of various shapes. I 'laet' this 
set of objects in the path of the rays and take a photograph 
of it. Note carefully the dilTerence in the absorjition by the 
different objects as .shown by the difTi-renee in tin* intensity of 
the shadows cast. 

46. Conductivity of Gases Produced by Rdntgen Rays. - 
Probably the ino.st .striking property of Ritiilgi’n rays is their 
power to cause ga.ses to become conductors of electricity. As 
before mentioned, gases under normal conditions of tempera- 
ture and pressure and under ordinary voltage are almost eoiu- 
plete non-conductors of electricity. If a well insulati’d body 
such as the leaves of a gold leaf electroscope he charged up in 
thoroughly dry air the charge will be rclaiticd for many hours. 
There may be an extremely slow diminution of the charge on 
the gold leaves due in part to the w;mt of perfect insulation 
and partly due to a very small leakage through the air. 1 f how- 
ever a beam of Rdnlgen rays he allowed to pass through the 
gas surrounding the leaves they will immctliately lose their 
charge and collapse, showing that the charge must havi* Icakctl 
away through the air. 

Set up an clcctrascope, of the form described in § jj, log. 
14, at a distance of 25 or 30 cm. in front of the window of 
the lead box containing the Rdnlgen ray hull), t 'barge u]i the 
leaves by .storage cells to a fairly high positive potential, and if 
the insulation is good the leakage of the ehargt* should he ex 
trcmely small. Start the X ray l>ulh and allow the ray.s to 
fall upon the air in the electroscope. ( Ihserve the sitdilen 
collapse of the leaves. 

Now by means of a lead screen without any ojiening in it 
placed over the window cut down the inteu.sily of the rays to 


t'ONI)lU"l'lVri'V l-RODUCKI) HY RAYS 


6i 

a sinull fraction of their oriKonal intensity and also adjust the 
position of the eleetroseoi)e so that a well defined beam of 
rays passes through only the lower portion of the electroscope 
as far away from the leaves as ])ossil)le. Recharge the leaves 
and start the rays again, and if the intensity has been cut down 
suriieiently the leaves should collapse at a very much slower 
rate than l)c‘fore. C haige up the Kaives with a negative charge 
and re])eat the eK])erin\ent. (Ibseive that the discharge takes 
place just as hefort' and at jnsl the s«inie rate as in the case 
of the i)ositive charge. 

d lic'se I'.spc'rimenls show that the air ha.s l')ccome conducting 
under the inlluence of the rays and discharges electricity of 
either sign with ecpial facility, and tlie conductivity depends to 
some extent at least on the intensity of the rays. By inter- 
posing screens of dilTerent thicknesses the dependence of the 
conductivity on the intensity of the rays may be noted by 
observing tluit the less the intensity of the rays the slower 
the rate of leak shown by the leave.s. 

47. Transportation and Persistence of Conductivity. — Ar- 
range a scheme of aiiparatus as shown in h'ig. 28. AB is a 



Pus. 

thin hra.sB tulse about I 2 cm. Icjug and 4 or 5 cm. in diameter 
placed a.s .shown in front of the window of the Rontgen ray 
enclosure. It is joined by a temporary joint of large rubber 






62 


KONTlHCN RAYS 


tubing or other convenient means to a brass tube ( 7 ) about 30 
or 40 cm. long and 3 diameter. 1 his is joinetl at by a 
similar temporary joint to tlie tube leading into the electro- 
scope E. Connect the metal parts all to earth. ;\ eiirreiil of 
air may be slowly drawn through the whole system eutcudug at 
A and leaving at K by an aspirator attaclusl to the outlet K. 

Charge the leaves of the electroscope. .St.art a slow current 
of air through the .system and note that the leaves still retain 
their charge. Now .start the X ray bulb with the current of 
air still flowing and observe that the leaves iiiuuediately begin 
to lose their charge, 'bhis indicates that the comliictivity im- 
parted to the air in AH may be conveyed by the current of air 
to the electroscope at a considerable distance away and that 
it lasts long enough at least to he ctirried that far. .Stop the. 
vui-ys and the current of air and reeharge the eleelroseope. 
Start the X ray hull) again wilhonl any enrrent of air llnwing 
through the sy.stcm and observe that there is mnv no leakage 
of the charge from the leaves. 'I'liis .shows that it retptires 
an air current or some .sneh metins to traimporl tlu' eon- 
ductivity from where it is produced in . 7/1 to the eleetroscope. 

Again recharge the electroscope and run tlie bulb for live or 
ten seconds without any current of air passing. ;\( the einl of 
that time stop the hull) and after two or three seconds start the 
current of air and observe the slow discharge of the leaves. 
Repeat this hut after .slopping the hnlb wait for a slightly 
longer interval before starting the air enrrent and note that the 
rate of discharge of the leaves is not (piite .s(i rapid. Rejieat 
this several times, each time wailing a longer interval after 
stopping the rays before starting the air etuTcnl and observe 
the gradual diminution of the rale of leak until fmally if the 
interval is long enough no leak takes place at all. 'riu*se i‘x- 
periments indicate that the conductivity imparled to the air by 
the rays persists for a short time after the ray.s have ceased. 
It does not last indefinitely but gradually di.sappears. 

48. Removal of Conductivity .— 1 let ween H and C at the 
joint BC insert a glass bulb a filled with cotton wool, not too 
closely packed. Start the current of air and als(! the Rdntgen 
rays and observe the effect on the cleclro.scope. It sliould .show 
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no Icakag'c of the char^^-e from the leaves, showing- that the air 
in passing through the cotton wool loses its conductivity. 

Remove the bulb a and sub.stitutc for it a wash bottle b 
partially filled wtih water and repeat the last experiment. 
Again there should be no discharge of the electroscope, indi- 
cating as before that the air loses its conductivity by bubbling 
through water. 

Remove the wa.sh bottle h and also the tube CD and in its 
place substitute the brass tube c, which has about the same 
dimensions as Cl). Along the central axis of this tube there 
is a stiff wire sipiported and in.sulated by an elionitc plug. 
When this tube is in place it .should lie insulated from both 
///i and the electroscojic. C'oiiiicct the central wire to one 
pole of a battery of small accumulators and the tube to the 
other pole, so that there is a field of about 150 volts between 
the wire and the tube. Now start the Rilntgen rays and also 
the current of air and ob.serve whether there is any leakage 
from the gold leaves. 'Phey should show no leakage. Discon- 
nect the battery from the wire and the tube and connect them 
to earth while the RPintgen rays and the air current are still 
running and observe that the leaves immediately begin to lose 
their charge. Jhit the electric field on to the tube and wire 
once more but in the rever.se direction to what it was before 
and observe that the discharge in the electroscope ceases. The 
conductivity of the air is thu.s removed by passing through a 
strong electric field. 

49. 1 'hese exiierimenls .show that when Rcintgcn rays pass 
through air it becomes a conductor of electricity and this con- 
ductivity imparted to the air by the rays persists for a short 
lime after the rays cease to act on the air, but gradually di.s- 
appears. While it lasts it may be transported from one point 
to another along with the air. This conductivity mu.st be due 
to something mixed with the air, for it i.s removed by the 
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50, In this di<'i])ler wo will invest llie pruinTlies nf 
Roiitgcn rays more in delail, e.speeially the lu’operty of im- 
parting conclnctivity to gases, and disen.ss the methotls of mak- 
ing quantitative and mure ])reeise measurements on the rays, 

51. Automatic Focus Tube. 'I'he nature of tiu' rays and 
the effects which they prodneo deiiend to a great extent upon 
the conditions existing within the ray hull). 'I'lie amount of 
conclnctivity produced, for instanci', depends upfiu whether 
the rays arc “hard” or “soft.” in making definite quanti- 
tative measurements any variation in the nature of tlu' rays is 
therefore fatal to any attempts at aeeiiraey. 

The chief vSonrcc of dinicully in the use of Uriutgeu ray 
bulbs is the tendency for the pressure within the hnlh to 
change, owing to the ])assage of the diseharge through it. 
When the discharge is conlinued for some time the pressure 
becomes less as the gas .seein.s to he driven into the walls and 
other parts of the tube. The rays then heeome more pemdra 
ting. Also by the homhardment of the plutinnm anode hy the 
cathode rays it becomes healed and tins heating of ilu' anode 
liberates the occluded gas, which increases the pressure. 'I'liis 
tends to soften the rays. I'liese two sources of eliange tjo not 
counterbalance each other, and eonsecpieiKly the simple form 
of bulb described in ^41 i.s irregular in its aetiou ns regards the 
type of rays which it gives out and is eonsetjuenlly not suited 
to quantitative mcasnrcment.s. Various methods have been 
tried to overcome this difficulty, hut the most sueei’SNful ones 
are those which have resulted in the aiUoinatie regulating Pdie. 
One form of this is shown in Fig. 29, in whieh . 1/1 is the main 
bulb of the usual form. To this is attached a small sidi> tube ah, 
with two electrodes, in which i.s placed in some cases a little 
powdered caustic potash while in others one of the electr )dcs 
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has mica sheets attached. 'I'he anode of this small tube is 
attached to the anode of the main Inilh, while the. cathode has 
a wire II' attached, and between this wire and the main 
cathode is a spark j^^ap //. When, by the continued passage of 
the discharge through the main bnlb. the pressure becomes less 
and the resistance l)etween the main electrodes consecinently 
greater the discliarge will then pa.ss across the spark gap, if it 
is .short enough to make its resi.stance sufllciently small, and 
llirongh the small lube (//>. 'I'he heal of the di.scharge through 
ah will liberate vapor from the caustic pota.sh or the mica 



which will rai.se the pressure in the whtsle .system and lower 
the resistance and allow the discharge to pass through the main 
bulb again. It will continue t«> pa.ss Ihrougli AH until the 
pressure becomes loo low again, when it will once more pass 
through ah, 'hhe pressure is thus auUnnatically regulated. 
The longer the .si)ark gap If the lower will the pressure in AB 
become before the di.scharge will pa.ss acros.s // and tlirough 
ah. Therefore by adjusting the length of the ga]) H the bulb 
may be made to work at any desired pre.ssure within certain 
limits. The longer the spark gap the *' harder ” will be the 
6 
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rays produced. This type of bulb is very regular in its action 
and gives very satisfactory results.* 

A soinewbat uuxlitied and unproved t_\pe on the same piiu- 
ciple is shown in Fig. 30. In this a side tube K, containing a 
chemical which gives olT vapor when heated and absorbs it 
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again when cooled, is directly connected to the main bulb, ft 
is surrounded by another tube H whicli is exliausted to a low 
Crookes’ vacuum. In this form the pressure in the main bulb 
is very low to .start with and it has therefore a very high 
resistance, and at the .start the discharge will ])ass over the 
path of least resistance acro.ss the spark gap and throngh the 
tube R which is at a low vacuum. 'I'he hulh A' is ilireetly 
opposite the cathode S' in this tube and the homhardment by 
the cathode rays will heat K and liberate vapor fiann the 
chemical contained in it. 'bhis will eonlinue till suilicient 
vapor has been liberated to raise the pressure in the main 
bulb so that the resistance is low enougli to allow the diseharge 
to pass through it instead of through R, When the diseliarge 
through R thus ceases the chemical in K will cool down and 
absorb some of the vapor which will lower the pressure in the 
main tube again. This will be adjusted again by the discharge 
passing through R once more and heating K and liberating 
more vapor. This side tube att.achinent thus anlomalieally 

*This type of bulb may be oblaiuccl from various innimfacinrfr.H td 
X ray apparatus. 
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regulates the pressure in the main hulk. The pressure at which 
the tube works will (lepend upon the resistance across the 
spark gap and llirough the side tube, that is on the length of 
the spark gap. 'The working pres.sure may thus he regulated 
by adjusting the lengtli of the si)ark gup. 

Idle diflicully caused by the healing of the anode by the 
impact of the cathode rays is usually best overcome liy making 
the anode of a large piece of platinum so that there is a large 
mass to heat and consecpiently less rise of temperature. The 
anode is also sometimes sni)i)orled by a copper stem as the 
copjier conducts the heat away more rapidly. In some forms 
there is a water-cooling arrangement attached to the anode but 
this is not very satisfactory. 

52. Setting up and Manipulation of Rdntgen Ray Bulb. — 
In starling to use an X ray bulb without any previous experi- 
ence great care should lie exercised as it presents certain condi- 
tions which are no! met with in connection with common 
electrical ap])aralus. Although a number of rules can be laid 
down for the general use* of an X ray tube, still rules can not 
be given to cover every contingency which may arise and a 
complete knowleilge of the action of .X ray bulbs can only be 
gained by ex{K'rlence. A few general hints in this regard may 
be of value. 

Set U]) carefully the automatic focus lube in the lead box 
as explained in § .pp Avoi<i any strain cm the bulb. Use 
fine double covered wire, not larger than about No. 32, to 
connect the electrodes of the bulb to the terminals of the 
induction coil, as heavy wires are apt to cause a strain on the 
hull) which i.s liable to rc.sult in a crack. Do not under any 
cireumstance.s allow these wires to touch the gla.s.s parts of 
the tube or to come any nearer to the glass than is really 
necessary, for a spark is liable to pass from the wire to the 
gla.s.s aiul cause a [Jimclure of the gla.s.s and ruin the tithe. 
Connect the negative terminal of the induction coil or static 
machine to the calliode of the hull) and tile positive terminal to 
the anode of the main bulb and automatic regulator. Careful 
attention should be given to this tu ensure that the discharge 
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passes in the rip,iU diivdinn llirnui^h the hnli). When (he dis- 
charj^’c is in the rip;-ht diavtinn llu' fn!li»\vinii nhsei vali« ms will 
aid in making;’ certain nf i(: (i) \\‘hen die main hull) lights 
lip the half of the hull) dppnsili* (he face nf the aimde shnuld 
be uniformly phosphon'sceiit while the half behind (he annde 
should be comparatively dark. If the diM-har^e is in the 
wronf>' (lireclion the ilhnninatinn will be irrep.nlar. (a) A 
shadow of the anode should lie cast by tlu' cathndi' ra_\s on the 
bulb on the side directly opposite the cathode, ll tlu' dis 
charg'e is in the wronp; dinaMion (his will not appear. ( A 
tube runniuj^’ correctly will cast a well ilehned shadow of anv 
object on the lluorescent .screen, while if the dischaiyp- is in 
the wrong’ direction the illnniinatiou on the screen will he 
faint and the .shadows indistinct. 

If the current is .sent through the bnlh in the wrong ilirection 
it cau.scs platinum to be g’iven idT fiami the platinum anode, 
which is deposited on the walls of the tube and lilaekims the 
tube. When an indnetinn coil is used (o drive the bnlb there 
is always a certain amount of reversal eurreul whieh is in 
jurious to the bnlh. 'Phis may he elinunaled to a great estent 
by placing a s])ark gap between one of the lennin.als id’ tlie eoil 
and the electrode of the luhe insteail of eomieeling both 
terminals directly to the tnhe. The length td’ this spark gap 
can be adjusted by trial .so that the spark i»;i'-ses without 
difficulty. 

The type of automatic make ami break m*e«l in «-onnec(ion 
with the induction coil is of great importance in seenring nni 
formity of action of the Kdnigeu ray hull), 'I’he orilinary form 
of spring hammer brake altaehed to cttils is not at .’ill mncdile, 
especially for large coils, for the eontaets gradually fuse and 
their action does not remain uniform. Welnudt ijiterrnptei . 
or motor-driven rotary mercury iuterrupler, <ir some sueh tmi 
formly running type gives much imjre steady action in the hulh 
and is mlich more satisfactory. 

Start the bulb up carefully with a spark gap of from J (o 
5 cm. After it is started this may he regulate«l to any desired 
length, depending upon the type of rays laapured, Km.wlcdge 
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of this can only be s’ained by experience and definite rules 
cannot be laid down for defiiiite lenj^ths of spark g'ap. . 

'fo keep a bulb in ^'ood eonditioii never run it continuously 
for any considerable leiif^'lli of lime as the parts arc apt to 
become heated and conditions chanj^e. When inakinfv quan- 
titative measurements it is best to run it not more than from 
twenty to forty seconds without a sto]! unless the experiment 
really demands a lonj^er run. 

53. General Hints on Making Measurements.— "Notwith- 
standing the gre.al im])rovemenls in Rdiilgen ray bulbs and 
their adjustments there is still apt to be consideral)le want of 
uniformity in the results prodtieed unless eertain precautions 
are taken in the use of the bulb. When taking a series of (pian- 
lilative measurements on the condnelivity produced by Rihit- 
gen rays the first jnveaution to be observe<l is to run the bulb 
regularly, that is, run it for e(|it,'d times and allow e([ual inter- 
vals of rest betww'ii the runs, 'flie bulb does not always start 
U]) at full strengtli imniedialely on starting, therefore it .should 
be run for a preliminary live seconds or so before starting to 
take any reading on the electrometer nr other mca.snring 
instrument. 

In making measurements a single reading or ob.servation 
can never be relied on alone, as might he done in .sonic other 
electrical measurements, on account f)f the want of perfect 
constancy of the rays, 'fhe reading.s .shmild always be re- 
pealed two or three times at least and in .some cases more, and 
an average of the readings matle. Judgment will have to be 
used as to liie number to be taken aeeonling to llie agreement 
shown among the readings. 

In making conii>arutive meaMiremeiits with the electrometer 
the readings sliouhl, as far as {Kissilile, be made over the same 
portion of the sc.ale to avnid inaccuracies in the scale and akso 
errors due to tlu' dilference of angle at which the beam of light 
falls upon the scale at dillVretit |»<»ints. 

When a series of measureinenls are being taken with the 
electrometer its seiisiliveuess sliouUl be tested at Intervals 
during the mrasurenu'nls to eiwure that it is not changing, 
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or if it is changing tf) furnish a nu-ans of corri'cting for the 
change and reducing all the readings lo the same basis. 

The electrometer shouhl he set up ready for use in the 
manner dcscril)cd in l'hai)ler 11 in a convenient pt'rmanenl 
position near hy the lead box containing the Rt'intgen ray hull), 
so that it may he connecteil to any apparatus set up in front of 
this box. 

54. Production of Current Through the Air by Rontgen 
Rays. — Cut two plates of ahiniininni about 15 ein. siinare and 
set them up on edge on clean parallin liloeks so that they stand 
vertical. Tlace these plates parallel to each other ahout or H 
cm, apart and 8 or 10 cm. In front of the window of tin* Rctnl' 
gen ray enclosure so that a heani of rays from the l)ulh .S’ will 
pass between them as .shown in h'ig. 31. l )ver the wimlow phiee 
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a thick lead screen with a rectangular hole cut in it ahout 1.5 
cm. broad and 6 cm. high so that this hole is direetly opposite 
the center of the anode of the hull). Arrange the plates I' and 
Q symmetrically with regard to this opening. 'I'hese dinien 
sions are only given as a guide, hut the exact widtli of the hole 
and the distance apart of the plates and their distanee from tlie 
hole must be carefully arranged so that t!)e eojie t.f rays frt.m 
the bulb will pass between the i)late.s without tonehing tlieir 
surface. This can be tested experimentally by hoUling the lino 
rescent screen just in front of the i)lates and noting the width 
of the illumination on the screen which .should he jn.Ht a little 
less than the distance between the plates. 
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To one plate /' eonnecl the positive ])ole A of a battery of 
small accumulators of 20 or 30 volts, while the nejj^ative pole 
B is connected to earth, t'onnect the oilier plate (J to one pair 
of (piadranls of the electrometer throu}i:h a screening*' tube 
(§ [4), the other ])air of (|nadrants heiujL,'- connected to earth. 
Connect in parallel with 0 an adjustable condenser as indi- 
cated. Al.so make a connection to earth llirouj;h the special 
electrometer earthing'' key K (§if)) which is worked by a 
cord at a distance. 

Close the earlhiiif,'’ key A, a<ljust the condenser to a capacilv 
of about 0.5 microfarad and start the hull). .Vfler runninf^ 
for two or three seconds open the key A'. Note that the 
electrometer needle imnu'iliately he|,di)s to indicate that the 
((uadranls connected with (J are receiviiif^ a charj^e. If the 
movement of the neeclle is loo rapid increase the capacity 
of the condenser, or if ttto slow decrease it. ( thserve that 
this charg'inff up continues as lon^j as the rays continue to act. 
Stop the rays and the chaiytini^ up will ce.ase. harlh the 
])late 0 attain through A' and icverse the comici'tii*ns of the 
battery so that /* is conmatt'd to the negaliv(' pop- /t and ./ 
to earth, kepeat tlie last experiment and note that the lU'cdle 
indicates that 0 H'ceives a chargi- «if «ipposiir as the move 
ment is in the npptisite direction, .'xtop the ravs and close A* 
and then lest the eU-clrometer with a standard cell as to the 
.sign of tin* chargi* indicated h\ the nnivement of the needle in 
either direction I ^171. 1 he le t shonhl show that in the 

foregoing expi’iimenf when /’ u.o* connrited to the positive 
jHile of the halleiv while the !.i\s Hete acting the plate (,) 
received a jMfsitive i-haigr. wlnir wlieii /' was a! a negative 
[lolential 0 reiwived a iieg.itivr clsaige. 

After making a numln-i of pfclmiinaf v trials of tins nature 
carefully regulate the sruMin mess of the rlrsirometrr needle 
by atljiisting the pMimiia! on n and also adjust the capacity (.‘ 
until the eiectronietri' nmllr .4 nsovniirnt of a!»»«ut five 

scale divisions per sr»'on«! 1 his j-.in also !«• regulated Ut some 
extent hy adjtisfing the imm-aiv *d the says |»y placing a inelal 
screen in front of the wtmlow to c«t ilown tin- isstesi%i{y. After 
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a convenient rate of movement of (he nei'dle is oh'.ained the rate, 
at which the ])late Q charges up can he measured, as the rale 
of charf,dng' up is proportional to Ihe rate of mnvi'inent of the 
needle, that Is to the luiinher of scale divisions passed over per 
second. This rate may he measured with a stop watch. I lav- 
ing made this adjn.stmeul repeal tlie ahove experiments and 
observe carefully hy a stop watch the time taken tor llu' spot 
of light to move over a given distance on the sealcx 'I'ake 
several readings first in one direction ami llum reverse tlu* 
connections of the battery and t:d<e several in Ihe oppositt' 
direction. Take the average in each ease and the same average 
reading .should he found for the two direetious. .Make a 
nnmlier of such observations so as to heeome perfectly familiar 
with the method. 

These exjieriments indicate that the niys in sonu’ way cause 
a transference of eleelricity from the air to the plate (J and 
the sign of the electric, charge given to (J depemls upon the 
sign of P. The quantity of electrieily Iransferreil per second 
is the same whether it is jiositlve or negative. 'There must he. 
in other words, a current of eleelricity througli (lie air hetween 
P and Q and the current is of the same luagnilnde whether /’ 
h positive or negative with regard to Q. 'The direction of the 
current depends upon the sign of /’ with regard to (J. 

55. Variation of Current with Voltage, fomieet the plate 
P to a potential of only 2 or 3 volts ami measure the current 
through the air between the plates as aliove, that is, measure 
the rate per second at which Q receives a charge as indicated 
by the number of scale divisions moved over per second. In- 
crease the potential of P hy a volt or two and again measure 
the current. Still further increase the potential and tletermine 
the current produced. Repeat this for gradually inereasing 
voltages and it will be found tlial the current rises with eaeh 
increment of voltage until finally a stage will he reaehed at 
which the current will no longer increase even with a large 
addition of voltage. In making these ohservnlittns take at 
least two or three readings at each voltage atid take the mean 
as the reading at that voltage, lids is necessary «in ueeouiil 
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of the slight varijitions iu the rays given out which cause 
variatitins in the current. 

I Mot this series of readings on a curve having for ahsci.s.ssc 
the voltages applied to P, and for ordinates the corresponding 
currents observed in each case. Since the current is i)ropor- 
tional to the nuinher of scale divisions per second the latter 
may he ])lolted for the curremt. 'Phis curve showing the rela- 
tion hetvvecn the voltage and the current will assume the form 
shown in h'ig. 32. It will he seen that for small voltages the 
current obeys ( )hm’s law. hut soon begins to fall otT and linally 
reaches a constanl maxinmm value even for a large increase 
in voltage. 'Phis characteristic curve is usually called a .vafara- 
tion ciirrt' on account <'f its similarity iu form to the satura- 
tion curve in the magnelization 
in iron. 'Pile current corre- 
sponding to the ilat part of the 
curve is called the SitlufUtitOi 
current. When the current 
through a gas helween lw«! elec 
Irodcs is spoken of the sitiura 
tion current is meant unless it is 
siieciPically slate<l otherwise, and 
when a comparison id currents umler any conditions is being 
made it is always the saluralii»n cuirenl that is usetl unlcs.s 
otherwise flelinilely sp«'ci!ietl. It in extremely iiiiiMirtunt to 
observe this or cKe seri«*us ciui fusion and ernir will arise. 
The voltage neeesHarv ti» j»ri»«luee saluraiitm in each particular 
instance sIuniM always Ih* irsirt! as the p«»iiU «d saturation will 
be reaelirc) for ilitlerrnt voltages under different cireuuistauees. 

56. Variation of Current with Diittnce Bttween the Plates, 
~Re{)laee the plate /* i Idg. t by a shrrt of wire gau/.e of 
the same si/.e amt turn /' and (J llsmugl) a right angle so that 
the rays fall prrpemlieuhirly iii|n»n (J after passing through 
the gau/.e /* as shown in Idg, Make exarlly the same 

cormeidious to tin* halleiv am! rlrciri.mrlrr *is in Fig. 31. 
Make the lMiw<-en I* and tj nnui! to about ^cx) volts. 

Place P and (J ahoni j cfii a|ail .iml mrasure ihr saturation 
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current. Increase the di.stance lo 4 eni. and af^ain measure 
the saturation current. Repeal this for Kntdually increasing 
distances until the current has been measured for sr.\ or eight 

dilTerent distances. Note that the 
a curri'iil increases with the distance 
__ A-..1 rjn'r - -P hctweeu the plati-s, although in 
each c;ise it is the saturation cm*” 
rent. If the* plates arc not too 
close together to start witli tlu' cur- 
rent in the diirereiit cases will lu‘ 
found to he practitaally pniportional 
to the distance helween the plates. 
'I'his is ipute ditTereut from (he cor 
res[)omling measurement of electric 
current through a solid or a li(piitl. When tlu' distance helween 
two plates imnicr.sed in a li(piid is incre:ised the current de 
creases on account of the increa.se id resistance Indween the 
plates. These experiments show luuvever that just tluM»pposite 
result takes place in the case of the current through air. 

57. Theory of Ionization.* -'rhe.se pheiuiinena along with 
others in connection with gases rendered eoudueliug by the 
action of Rdntgen ray.s led j. j, 'riiomsou and hi. Rutherford 
to formulate in i8c)6 the ionization theory of {jasrs which uttw 
forms the basis of tlie whole .suhjeel of the eoudueliug power 
of gases and which has hecome iinnly estahlishet! by experi- 
ment. According to this theory the I’ltintgen rays, when they 
pass through a ga.s, cau.se .some of the nuileeules «if the gas lo 
be broken up into positively and negatively charged earriiu’s of 
electricity called ions. The electromagnetic energy ‘>f the 
Rontgen rays causes a negatively charged electron to he .sepa 
rated from the molecule of the ga.s acted upon, le.aving the 
remainder of the molecule positively chargetl. d'his process of 
separation is called ionicalian, ami the gas is said to he ioni/etl. 
From each molecule ionized two ion.s having etjual charges hut 
of opposite sign are thus produced. 

This theory explains very .satisfactorily the diUVrent prop 
erties of an ionized gas. The transference of elect rieity 




TIIKOKY OK IONIZATION 


75 


through tho gas is due to tlie movement of lliese charged car- 
riers under the iullueuce of an electric held. 'I’he }n»si(ive ions 
are attracted towards tiu' negative electrtxle ami the negative 
ions to the positive electrodi', and the movement of these eh-c 
trie charges constitnti's a current. Since these* ions are* chaige'd 
it is clear why the conductivity is removed when tin* gas is 
passed through the tube with the central wire hetweeii which 
there is an electric held, for the pt>siiive and lU'galive ions an* 
attracted to the negative and positive eli*cl lodes i cspict i\ el v 
and thus reinove'd from the gas. When the g.is containing 
ions is passed through I'ollon wool or through tin* water the 
ions are caught and h'ft ix’himl. 'I'lie numher tif ntoleenir** 
which become ionized even in a strongly ionizetl gas m v\ 
tremely small compared with the total numher of nutleeules 
present, the numher heing prohahly of the order of .mlv Iwo 
or three in a million, 'l lms when th«* gas is pass«*d through fire 
electric held or wool lilti’t there is little chame for nianv son» 
to e.seape heing caught and removed. 

The gradual disappeaiam e of the eondm tivitv of g.t-, io| 
lows naturally from this tla-oiy. W hen ihi* tom. .,!« 
about in the gas if a posiii\e an«l a nr|'atn,« ion jir.ii 

cnougli they will attract each ollui and unsic ami ilni. nm 
tralize each other, d ire ions ilui-. instinhsiic, ami fai as 
their electrical elTects are concerned disappr as 

Thl.s tlieory e\plains ihe safuralJou i'tsiwr shottosg tin- irhi 
tioti Iretweeii voltage and cm rent flirough a gas hr! Arris lao 
plates, d'he greater the poirntui! djlirsnur Iwiwrm sisr 
the greater the forci- ilrawisig the lom. out thv ipn .usd »'.>« 
Hequently the iiv4vr they wi!! move ftn^asd'i dir pLiir'. 'I'lir 
faster they nu«Vr the grraln wd! Ik- llsr nusnlw-s lls.il sc.-eh ihr 
plates per ?*reo|id, *iml hr-adrs hv m.nsng sm»sr psiSiSd', *Jir Ir-.'. 
will te the rhamv o| llirtr ircojnhuitng and ihro-f.-o' d-rtr 
will he more to rr.iclt llir idairs I**-! sriond 1 hr re-ssrd*. :i I 
ioM that rearli tlir plairs fn-f -.rcoiisi %% di ihrirh-fr !«■ j.!.,, 
portkilial til l!sr I'hr csirirsU * = »?sc 
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rent is therefore proportimnil to the polt'Otial at the lowor 
voltaf^es. When however tlie voltapc reaehes a eerlain aiuouiU 
the ions move so fast that they pi'aelieally all reaeli the plates 
before they have time to nroinhine. At sneh a voltape all 
the ions will he removed and the euna'nt therefore ean not 
be increased further by increase of voltape. d'he enrrent 
will therefore reach a masimnm ami remain so for any 
increase in the jadential. 

The explanation (»f the increase of enrrent hetueen two 
plates when the distance between them is increased is obviotis 
from this lhe(n'v. When the distance is ineiaaised the volnnie 
of i^as acted ni)on by the rays is increased and eonseipumtly 
the lunnher of ions prodneed prows larper in the same pro- 
])ortion. IPhere are more ions hi'twet'n tlu* plates ami there- 
fore a greater ntnnher will he dr.awn to the plates in ninl lime. 

58. Absolute Measure of Current. Instead of sim[ilv om- 
paring the dilTereut currents llinutph an ioni/eil gas lludr 
value may easily he determined in tdisolnte measure. If the 
gas i.s very strongly ionizetl the current may in a few eases he 
large enough to he measured by :i very sensilivt- palvanoimier. 
Under the.se cirenmslanees replace the eleetroineter am! eon- 
denser in log, 31 by the sensitive galvanometer, and, kmiw- 
ing the con.stants and eulihrati(»n of the galvanometer, deter- 
mine the saturation current in the stune inanmn* us yoti wamld 
mea.surc the current in a melallie eoitditepn*. As a mb’ how - 
ever the ionization current is too sm.all to he ine.asnred by lids 
method and the eleetromeler method nmst he ns<'d. It has 
been .shown (§20) that if d l)e the numher id' se.aU* divisions 
passed over per .second by (he eleetromeler lU'edle as the insu- 
lated quadrants charge up to any given potential, atn! (/, the 
numher of divisions corresponding to a potential of otie volt 
on these quadrants, and (’ the tol:d ejip.aeily in nnentfar.ads of 
the system then the current / : ( ‘/to" X d X, .amperes, 1 fsing 

the apparatus shown in h'ig. 31 mtdvc a staa'es of me.asnretnents 
of different currents in ampere.s as follows: Kun the X niy 
bulb a few times for fifleen-seeoml intervals with :i rest of 
fifteen or twenty seconds helween so as to get it rnnuing nni 
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formly. I'licn start to take readui^^s. ICarlh the ])lale Q and 
electrometer by the key K and see that the electrometer needle 
is at rest. vStart the hull) and let it run for live seconds. At 
the end of the live seconds, without stoppinjj: the hull), pull the 
cord which opens the key K , thus insulatin^^ the i)late (J and 
allovvin}^ it to char|.!;'e np. Let it charge up for, say, ten sec- 
onds, and at the end of this time shut olT the hull) hy openin}^ 
the switch which controls tlie coil. When the needle comes to 
rest take the reading*'. 'I'heii earth the electrometer aj^aiu to 
hriiifj the needle to zero, 'hake the lime caiadully in these 
ohservations hy means of a slop watch or accurate chronom- 
eter. 'Phe numhei' of divisions d are thus ohtained. Repeat 
thi.s procedure in each ease. Determine (i^ hy meatis of the 
standard cell as descrihetl in ^ \y. Measure the capacity (' of 
the .system including the plate (J, the condenser C and the elec- 
trometer hy one of the methotls descrihed in § U). Supply 
these values ohtained in the above etjuation anti tlet ermine i in 
amperes. 1'he following may he given as a typical esample of 
such a determination. Snppttse the nnmher tif scale divi- 
sions moved over in ten secojuls is t m), which wouhl he a con 
venient rate; therefore d 15, Let d^ fHX) scale divisions 
and let ’Phen i will he .ikh jo'* . jq uk) which 

equals 2.5"* m “ amperes. I'nrrenls cttnsiderahly less than 
tlii.s may he measnretl with accniac) as a ninch sh»wer rate 
than fifteen tlivisiojis per srt-on«l mav he «*hserve*l with great 
ease. 

59, Guard-ring Mathod. In mr.sHitring the joni/ation cur- 
rent lietweeii two plates a Hiill ftirihrr aiisl iiujMirlanf precau- 
tion nutsl Ik- taken in lltr arrangement of ilir plates in order 
to secure greater ai’cnr.n y Whm a ilillrrrjuT .4 pi.irntia! 
is established iKiwren fw** jarallr! plair-, the rircirjc tirlif is 

not strictly pi-rfM-ndiculaf i>i the phiur **1 ihc- pl.iir*. «wrr ihr 
whole area of ilte jdatr-., Imi ..ii!v m-rr the rruii.il portion, 
the lines of force, m-.ir ihr r»lgr-. ’■.piradmg «»«{ m furvrd Imrs. 
The tl»ove nirasurrmrnis ,trr ui.ide mi ilir ihai 

the field is niiiforin. ihrirfoir the |*..i!».su the ioi»/cd 
gas in the space l*iiwcr« ilir crniial ait-as shoulil b* usol. 
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This may he (Ume hy iisiiiK" wluU is ralksl tlu' f^nartl-riiig 
method. The central porlidU of the jdatc (J is cut out, leav- 
ing a margin 3 or 4 cm. in width. 'I'lic part cnt out is replaced 
hy a jilate h'ig. 31. which is just a 
little smaller than the oiuaiiug, so that 
there is a space all r<unul of only idxmt 
0.3 min. d'his central portion shoidd he 
carefully insidated which may he done 
conveniently hy supporting it hy U- 
.shapetl pieces of ehouitc lastenetl to it- 
self and to the oiitiT rim hy screws. 
'Phis central part .1 is then ciunu'cted to 
the electrometer, while the ttuler rim is 
connected to earth. The plate /’ re- 
mains the .same size as the outer rim. ‘Phe iotii/ation is thus 
measured only throughout the central part of the Piehl over 
the area of /I where the field is uniform. 'PIun princi[ile of 
the guard-ring is aiiplicahle in a great variety of cases, and 
in all such ca.ses as we have heen considering where the uni' 
formity of the field is necessary it should he u^ed. 

60. Dependence of lonimtion on Quality of the Rays, t he 
numher of ions i)rodnced in a given volume of air, and there^ 
fore the current through it. depends to a great eslimt upon the 
quality of the rays employed. “ .Soft " rays are more effieienl 
ionizers than “hard” or penetrating rays, 'Po secure a large 
amount of ionization in a gas it is best to use a moderately 
“soft” bulb. If .several bulbs are availalde wliieh give out 
rays of dififerent {|imlilies measure the ioin/ation producecl hy 
each one in turn in the same space hidween tlu* guard ring 
plates and under the same conditions. 1 f the automatic Imlh id' 
the type shown in Fig. 30 is available vary the quality of ihe 
rays by varying the length of the spark gap hetween the main 
cathode and the auxiliary cathode. With a short spark length 
the rays given out are softer than for a longer spai'k gaji, as 
with a short spark length the jiressure in the Indh is eonipara 
tively higher. Measure and compare the amount of ioniza- 
tion produced when different lengths of spark gap are used, 
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that is for didcrcnt (itialilics of rays. Ihik'ss the* rays are so 
soft that they are diniini.sbed loo nuieh in intensity 1)y absorp- 
tion the softer rays should l)e found to produce more ioniza- 
tion than the very hard rays. 

Tn each case immediately after measiirin|jf (he ionization and 
bef(^re allerinf^ the spark gap place a sheet of brass or alumiii- 
ium in tin* path of the rays between the bulb and the guard- 
ring ])lates and measure the ionization pniduced by the rays 
after passing through the plates. If the rays are very i)ene' 
traling a great proportion of them will go through (he plate 
and be elTcctive as ionizers on (he other side, but if they are 
not very penetrating a viuv small proportion will get through 
and therefore the ionizing etTect will In* cut tlovvn. The 
ratio in which the ionization is decreasetl by passing the rays 
through the metal sheet will he a measure in the inverse ratio 
of the penetrating power of (lie rays. By means t>f these 
measurements compare the relative penetrating power <*f the 
rays with their ionization penver for ray*' of difTerent (inalities. 

6i. Absorption of Rontgen Rtyi. tni Hy DiilVrent 

materials ahsurl) Kunlgen rays of any given Ivjh- by liiifeient 
amounts. An api>roximate cjualiiative eompariHon of the rela 
live alt.sorhing pJOveiN of hodien lue^ Iktis given in § We 
are now in a position to measure iheM* ah*»«>rp!ive jHnver^ iimre 
definitely. 1 ‘Iaee the UMiai Mi of guanl ring plate*^ alwun iH or 
20 cm. in front of the window in the uhiuiI |»«t^iiion. .Measure 
the .saturation ctirrent hrtwrni ilsr platen, llim place a nheel of 
the ahsorinng matrnal l«* !«• ir’-ir.l of 4 givr!i iIjickncHs in the 
path of the ray** heHvrrn flir Intli* iind ihe and ineaMire 

the Sitturatioti current agaui. A rom|ianM*ij of liir riirrnilH In 
the two ense^i will give ihr iwrr'rntage of ihr ray*» hh 

the decrease in the ioiH/atfo?i ttill In* fo ihr 4r 

crease in the «juaiiiii>' of rav* dnr lo .}le»or|»i!oii Seeurr a--» 
large a variety it*» po-i'tshlr of •dirri’^ of dillrrn}! kimB of siirial, 
glass, w«Mnl, ric., all of ilir •*,!»«' <4 alwsiii ,? or j nijn 

Compare the ah-sorpljon prjrtlttird hv the ilifirmai siiairrs.il'-s 
and nritf? citrrfiilly fits- grral laiigr of Mr- 

peat this nericji, a ihltnni! «ji!.ihi) of lav’i and tioic that 
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the reUilive ])eiu'tr;iliujjf ])t>wers nmy nni uei-csNarily he the 
same for (lilTerent kinds of rays. Make a I'umpai’alive Uihle 
of these measurements for reference. 

Now select any one material which may he ol)laineil in thin 
sheets of uniform thickness, such as tinfoil or aluminium foil. 
Measure the absorption produced hy a siui^Ie sluaU of linloil, 
then introduce aimther sheet and measure the ahsni-piidu pm- 
duced hy the double thickness. Continue thus addiuj; a sheet 
at a time and observe Imw the absorption increases with the 
thickness. It will be found that this absorption does not in- 
crease in direct (>roportinn to the thickness. It a Indb of me- 
dium hardness is used it will be fomul that the first lew layers 
of tinfoil produce a i^reater pereenta^e ell'ect than the remain- 
ing layers, owing to the fact that there is a mixture id' rays of 
different jienetraling powers and the softer rays are largely 
absorbed by a few thickne.sses of metal, while llu* harder ones 
pass through with little absorjgion. and after the softer rays 
arc cut out more layers in proportion have to be introdueed 
to cut down the intensity of the more penetrating rays to the 
same amount. Measure the absorption prothieed by the dif 
ferent substances in this way. Repeat tliesr imsasureineiits, 
using different c|ualities of rays. 

(b) Standard 'I'cst . — In making a series of me.'isuri'nients 
such as the above, in order to obtain any reliable eomparisons, 
the source of the ray.s must remain constant Ihroiighout, or 
if it docs not there must he some means of cheeking any 
change in the source and correcting for it. b‘oi* iliis ix'ason 
a separate test apiiaralus should he introdueed to deteel and 
correct for any change if it does oeenr, .\ eouvenienl arrange 
nicnt for this purpose is shown in h'ig. ,^5. /’ ;ind (J are the 
guard-ring ])lates corresponding to the plates /’ and (J in Idg. 
3T, the connectioms of which are the same as before. Another 
set of plates R and kS' exactly similar to /* and (J, but only 
about one half or one third the sir,e. are introdueed in the posi- 
tion shown and form a standard lest apparalus. .S’ is eonueeted 
to a separate condenser and to a key // of tlie form sliown in 
Fig. II (b), so that S may be insulalet! from or connected to 
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the elcclromclcr at will. H II is raised ihcii .V is insulated, and 
while the rays arc acting it will charge up. If // is dosed 
while K is open this charge is thrown into the cledroinctcr and 
it may he measured. 'Hie test of the constancy of the rays 
should he made in the following manner; Run the bulb in the 
usual way and open the keys // and K at tlu' .same instant. .V 
charges up for the same time as {) hut is insulati'd from d- 
Take the reading for (J and then discharge {> by earthing it 


S 


through K. When the nerdlr rtMiirs !.. rr'.i msjilair (i 
and then close //. thtis tlirowiiig the eliargr i'4*rii.i!iir<! hv 
and its cotulenser ifito tin- rlnits.ttuirr. Takr ihr ir,s4jtsg 
this cliarge. I’his gives a uir.raire mI ihr iMuj/itig |i,.%vrt «»! 
the rays Itelvveen .V and h\ I***! each mr.isurrmrjif ciirrrie 
betwcfii P and (J makr thr •msinlianrs.si-, nuMsnrrmriii k'lwrri 
and If any changr sn ihr ravs «N'cms si ivil! Iw driretci 
by the .ntaiulard PS. and a c»utr»-!i««n Ur m.^lr i>n i!m 
readings f«»r t!»* nirrmi k'lttrcit I' and n Hir ,il»v.*f|«n|, 
body whicl'l i» to hr fr*4r«l ts plaerd m llir s|* 4 rr / l»r! i,%rrii I 
and Thr ,>i ihesr jiteisnlmig hjHlsrs ,%»;• 

not affect the CondilJons iirlwmi h* iinij ,V, i^hilr If , I, «■■■.» |»r 
tween P and (J. If ihr Ir-.l .ippmiatns %%rir a1rir«! *. 5 sr 
not l)t? certain ivllrllirr- anv ch.ingr m llir hrlarri; 

'P ind Q wrrr dlir rfilnrH- |i» ihe .«!«■■* oi’ thr *|| 

/or partly dlir l*» ll»s alifl p.l?!H dor .» jh.jiiigr m llir 'Hrtifr'c 

of the rays. tit all Mlrasuirsurisls lliH Ir-s ;||f 
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(c) By Liquids.— ] Aqiiula also alisorh Rr.iitf^eii rays to a 
considerable extent. 'I'he absorptiiui piaulm-rd by liimitls may 
be measured in exactly the same way as tlial prndneed by 
solids, by placinj^ the !i(itutl coiifaiiieil in a cell with parallel 
glass sides in the space / and testing as be hire. In this instance 
to obtain the absorption produced by the litpiid abnie the ab- 
sorption produced by the cell when empty must In* separately 
measured and subtracted from the total absorption produced 
by the cell plus the conlainerl licinid. fonipan* in this way the 
absorption jjroduced liy various liiptids. Also select any given 
solution and measure the absorption for ditrerent concentra- 
tions of the solution. 

(rf) By G’(L?M.”“Kdnlgen rays are absorbed by gases in 
their passage through thetn, but of cour.se to a very much le.ss 
extent than by solids or litiuids. Suppose that / is the energy, 
or intensity, of the rays, and when they pass through unit 
length of the gas a fraction kl of the energy is absc*rhed, then 
a small change dl in the intensity in passing thnmgh a small 
distance dx is given by the relation ill kidx, since dl is 
a decrease while dx is an increase. 

Therefore X^/.r; 

Therefore by integration log / f. r - A.r where c is tlie con- 
stant of integration. Therefore if /„ is (he intensity fif the 
rays when a*=:o, that is the intensity before any abstjrption 
takes place, 



log / -- log /„ : 

Therefore 

^ A. 

. saa f " j 

'o 

and 



The fraction k is usually termed the coeflicieut of ahMn’ptum. 
It is a comparatively small number, and it is md s«» easy to 
measure by the same method m was n.seci in the ease of solids 
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and liciuids as gases pnuhice such a comparatively small 
amount of absorption, 'riie following experimental method 
used by KulherfonI and llie author i.s a convenient one for 
determining A. and comparing the absorptive powers of gases 
under dilTerent conditions. 'The arrangement of the apparatus 
is shown in I'ig. 3!). A ami . are two brass tubes about 5 or 
6 cm. in diameter and abotit one meter long. The ends are 
closed by aluminium cajts about 1 mm. thick. These tubes 
should be made as nearly as possible exactly alike and should 
he ga.s-tight. 'I'hey are placed .symmetrically with regard to 
the bull), so the central axis of each passes through the center 
of the anode of the bulb. C'J> and C'ly are two exactly 
similar sets of guard-ring plates for determining current. C’ 
and // are connected to opposite ])oles of the battery. D and 
C' are connected logellier and to the electrometer. The guard- 



rings are, as lusiial, connected to earth. When the air between 
these two sets of ])lates is ionized the plates D and C will 
receive charge.s of oppo.site sign, and if the amount of ioniza- 
tion is the same in both cases, the charges will be equal and the 
electrometer needle will .show no deflection. M and N are 
thick lead screens to prevent any stray rays from reaching the 
test plates. 

riace the several parts of the apparatus in position as sym- 
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metrically as iiossihle: ihvn (cst wIumIut llu- fUvlnimeter 
needle balances under ihe inlbuMu-e td‘ ihe twn ttjipusiu* ittniza- 
tion currentSi If in>t, a<lju'’! tbe pnsitiiin *»t tlu* i\vn sets of 
plates by trial ui\(il a balance is nittaincib ‘rin- i.i\s in passiuj^ 
through the lubc‘ are alisorbeil by tbe gas in the tube. I f the air 
be exhausted from .1 the absMipliun in ./ will lie lessened and 
the intensity of the rays which teach ( /> will he greater than 
the intensity of those wliich reach ( ;ind the halanct' will be 
destroyed. If both tnlies are ctitnpleieiy exhanstial the hah 
ance should be restored. 

Suppose that I Is the intensity of the' rat.^ uhteii reach idther 
set of plates when both tnhe^ aia* coinplii«'ly exhausted: then 
when both tubes are fttll of air at attno.pheric pressure the 
intensity will Ite /c where A is tlie eoeliieient of ahsnrptioii 
and d the length of air passed tiirougli. .'fitter the «’urrenls 
between C and /) and between i ' atid />' ari* pjnpnitioual to 
the intensity of radiation, therefore if J i*. exiiauNted aiul ./' 
fvtll of air the difi'ereuee between tlie eurreuts wdl lie pro- 
portional to tbe dilTerenee lu’tweeu the iuteiisitii's / mul /« 
that is, to / — /fi'H Suppose again that the r.iys eoiuiug 
through /I' he completely cut olT hy a lead seiaam while J is 
still completely exhausted, llu*n the rurrenl helween (' and /> 
will be proiKjrtional to the intensity / when no ab'.otpliiin lakes 
place, and therefore 

Diff. bet current.H when ,/ is exhatiNied and ./' full of air 
Total current when A is eKluiusled and ra\s lliiongh J etU otT 

/ /» -v/ 

/ 

Let dj = ratc of movement of tin* needle when .1 is ex 
hausted and .1' full of air, 

Let dsi = rate of movement when the rays tli rough .V are 
cut off hy lead screen. 


Then 


/-» /e //, 
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Therefore 


~\<i 


6. 

^4’ 


then l)y expansion 


X(/ 




since X is very small and terms beyond the first power may be 
ne^dected. 

Start with both tubes full of air and adjust till a balance 
is obtained. Mxhaust A and observe the dedection d,. Then 
place a thick lead screen between A' and the plates CD' and 
observe the dellecliou d.,. Measure the length d of the tube 
and calculate A. 

No constant standard value can be given for Ibis coellicient, 
for it varies with the (juality of the rays. 'I'he softer the ray.s 
the larger will be the value of A. Rutherford and tlie author, 
working with fairly penetrating rays, obtained a value etjnal 
to o,cHX)i7o, but the cuetricient may be much larger with 
softer rays. 

Measure the coetbeients of abwirptitm fur any other gases 
which may he conveniently olilaimnl. Comiare also the ah« 
sorbing powers of diflVrent hy hist tilling holli IuIk-s 

witlt air at atniosplu'ric jire'-.-^ure ami halanriiig and then re 
placing llie air in .-I hy other ga‘u's in turn and observing the 
alteration in halance in riieh tuna'. 

6a. Deptadiace of loaiatka oa Pressure of the Gai. 1*Mr 
a given type of rayn the aniMjsni id 

the pressure of the gas. Tlic iiiiniber »d iiiolrrnlrs in a given 
volume is |in>jMirtion.il lo the jire-^-.nrr *d the ga*. ami mnsr' 
quently the iinmlier of molrenle-* lu soiii/r4 inerrasrs 
the prei^surr am! «» iiicjra‘.r m nmumlion wjib of 

pressure is to hr e\|M-r!ri!. To nu-.rimr ibi-. r\|i-r! I«irn|,4lly .III 
tir-tight ioni«lioi} ebamln'r ivdl hr iir-»r-.-o.ifv. A 'oisf 4 hlr «fir 
is llwwii iu Mgr jy AD a tna*.-, i Uiisdrr iilunsf 15 rm. 
cilaniett*r nu*l .|o eto. long. Ihr iH-mg j miii! iliirk. 

Tht cud t*» I'lo-ird h) a |4.i?r -.'oldrlrd -of IrtM/c-if |rs |||c 

cyliiwler, Al llie otlir-r nnl a hra-r. fl.uigr alKsiii ti.j 
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cm. thick and 3 cm. in width, the c>dinder tij^htly, is 

soldered to it. An aluniinium plate alumt 0.5 mi. thick and of 
the same diameter a.s the Halite is made to lit closely on the 
face of the ihmt^e, .sd it may he holted iirmly to it. 'riu'se sur- 
faces should he lurne(l us .snuioth as possihle to (thtain a close 
fit. d'lic central part of this plate is recesM’d down to a thick- 


S 



ness of about i mm. over an area of (1 or H cm. in diameter so 
as to allow the rays to pas.s into the cylimlcr willnmt being 
diminished too much in iiUensily in passing througli the alu- 
minium. The joint between tlie plate and the llangc may he 
made air-tight by placing a .soft lead wire aliont i mm. in iliam- 
eter in a circle on the llangc inside the holts and then placing 
the aluminium plate on the wire and bolting it d<nvn tightly 
until the wire is squeezed down to ahout half its original thick- 
ness, as described in § 31. T and 7 *' arc two side tubes 5 cm. 
long and placed diametrically oi»po.sitc. P ami /” arc a .set of 
guard-ring plates about 6 cm. apart made of almninimn. .V and 
are two stout brass rod.s which pass through ebonite pings in 
the ends of the tubes T and V and .support the plates /’ and /". 
These rods should fit tightly in the ebonite pings and may he 
made to screw into the face of the plates /’ and /*'. 'Die elKin- 
ite plugs and the inside of the tubes T ami V .siionld \w 
threaded so that the plugs may screw into the lubes to with- 
stand the strain when the gas pre.s.sure i.s increa.setl from within. 
If all these joints are carefully made to fit tiglitly lliey can 
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finally be made perfectly air-tight by waxing with paraffin. 

The plates P and P' are connected in the usual way through .S’ 
and S' to the electrometer and battery respectively. 

I’lacc this apparatus a .short distance in front of the Rontgen 
ray bulb and very carefully adju.st the position of the cylinder 
and the size of the cone of rays so that the rays will pass 
between the plates without touching them. This adjustment 
is very important, in order to avoid any secondary radiation at 
the surface of the ])latcs, and it may be very accurately made 
l)y calculating the distances and dimensions for the cone of 
rays and leaving a sufficient margin for safety. Place the 
standard test apparatus between the bulb and the cylinder so 
as to test the constancy of the rays during the experiment. 

Starting with the air at atmospheric pressure measure the 
saturation current 1 )etween the plates. Then reduce the pres- 
sure by about 10 cm. by the air pump and measure the satura- 
tion current and also measure the pressure of the air. Repeat I 

this until the pressure is reduced to a centimeter or less. Also 
increase the j)ressure by stages above atmospheric pressure by 
pumping air into the cylinder, and measure the saturation cur- 
rent at the dilTerent pressures until a pressure of two or three 
atmospheres is reached. At each measurement test the inten- 
sity of the rays by the standard test apparatus and if any 
change {)ccurs correct for it. More than one reading should 
be taken at each pressure and the mean taken to ensure greater 
accuracy. Plot a curve showing the relation between ioniza- 
tion and pressure. This curve should be a straight line show- 
ing that the ionization is proportional to the pressure. 

63. Dependence of Ionization on the Nature of the Gas. — 

Another important factor on which the ionization depends is 
the nature of the gas ionized. For any given type of rays the 
amount of ionization produced in a given volume of gas under 
constant conditions is quite different for the different gases. 

The heavier gases, as we have seen, absorb the rays more than 
do the lighter gases, and the greater the absorption the greater 
the ionization. The ionization produced in different ga.scs may 
be measured by means of the apparatus used in the last experi- 
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mciit (Fiff. 37). wStarting with air at aliui'splu'vii' pressure 
measure the saturation current. Tlien exhaust the' eyliiuler 
as rapidly as pussihle atu! refill with auotlu'r jL^as, say hydroji^eii, 
and measure the current. Ixt'peat this for all the difTerent 
gases which may he conveniently used, avoiding, of course, 
any gases which will act upon tlie metals in flu- vi'ssfl. d'he 
relative ionization in the dilTerent gases will thus he obtained 
by reducing these readings to the same scale. 

In replacing one gas hy another it is best to exhaust and 
refill two or three limes, so as to ensui’i' that no trace of the 
preceding gas remains. Make sure aFo that the pressure is 
the same in all cases. Keep the temperature ;is nearly con- 
stant as possible. In filling the cylimler with gas dry the ga.s 
very thoroughly by pa.ssing it through a sei ies of drying 
agents as it passes into the cylinder. If tluN precaution is 
neglected serious trouble will result due to the destruction of 
tlie insulation inside the cylinder, as well as the ctiiupliciilion 
of results hy the dilTereul amounts of moistme present at dif- 
ferent times. As usual le.st the rays at eaeh reading hy the 
standard test apparatus. 

Use a difTerent (piality of Kdntgeu rays either hy using 
another bulb giving out a dilTerent type td' rays nr liy alh'ring 
the spark gap in the .selF regulating hulh ;uid rep«'al the rxperi 
ments with the same set of gases. 1 f the rays usetl in the two 
sets of readings difTcr considerably in ([ualilv it will he found 
that the set of numher.s showing the relative ioui/alioii in tlie 
second case will dilTer .somewhat from those obtained in the 
first instance. 

These experiments show that in general the deiisiT the gas 
the greater the amount of iouizalioii produced hy Kdulgeu 
rays. The relative ionization is not liowever proportional to 
the relative densities of the gases, 'I'he relative ioni/atiou de- 
pends upon the quality of the rays iiNed. 'The more peiie 
trating the rays the more nearly does the ioni/aliou lu'come 
proportional to the density of the gases, hut no ray*' havi‘ aN 
yet been found to give exact proportionality. 

64. Recombination of Ions, (a) Theory. W'e have seen 
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(§47) that the conductivity imparted to a gas by Rontgen rays 
persists for a short time after tlic rays have ceased. The con- 
ductivity gradually disappears, and the greater the quantity of 
ionization the more rapid will lie the rate at which it dies 
away. If a comparatively weak source of rays he used it is 
found that when the rays begin to ionize the gas the saturation 
current gradually increases, showing that the ions gradually 
increase in number until a steady state is reached, when no 
further increase in the number will take place, no matter how 
long the rays act. As the rays are continually producing ions 
they must he disappearing at the same rate as they are being 
produced when the steady condition is reached. What becomes 
of them? They are tiositively and negatively charged bodies 
and in moving about in the gas must collide with one another. 
When a positive and negative ion come together they neutral- 
ize each other electrically and disappear, as far as producing 
any conductivity is concerned. The rate at which this recom- 
bination of the ions takes place is an important factor in deter- 
mining the current through a gas. When the number of ions 
is large the chances of collision are increased and the rate of 
recomhination is ct)nse(juently greater than when the number 
of ions is small. 

The ]K)sitive. and negative ions per cubic centimeter arc equal 
in number. Suppose the number of each is n. Then the 
chances of collision taking' place will be proportional to n X n. 
Therefore the rate at which they recombine will be propor- 
tional to U' and will consequently equal an^, where ot is a con- 
stant independent of n. This con.stant a is called the coefficient 
of recomhination and is the fraction of collisions which result 
in recomhination. Suppose that q is the number of either 
positive or negative ions produced per .second per c.c. at any 
stage of the ionization. Then the rate of change in the number 
of ions must ecjual q~an^. But the rate at which the ions 
change is eipial to dn/dt, where dn is tlie .small change in num- 
ber in the time dt. Therefore, 

dn 

(l) 
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If the rays be suddenly cut olT then q becomes j'.ero and 

tfft 


therefore 


t// 

(in 


323 . fit//", 


aif/. 


Therefore by integration — - i/n al 1 c where e is a con- 

stant and n is the number f)f ions per c.c. at a tinu* / after the 
rays cease. Let Af=:the maximum muuher of i«ms per c.c. at 
the instant the rays cease, that is when t o. 

Therefore ™ — .,^aA ( 2 ) 

This equation gives the number of ioms n per c.c. at any time 
t after the ionizing source has ceased to act if a ami N are 
known. 

Again suppose that before the rays cease a steady stale (‘xists, 
that is, the rate of production is tHpial to tlie rate of recom- 
bination. Under these conditions tio change is taking place 
in the number of ions present per c.c., and constHpiently 
dn/dt==o, and therefore, by ccpuition (i), q since in 

the steady state n = the maximum number M. 


Therefore 


A/a- 


( 3 ) 


If the ions are produced within a given volume of gas between 
two electrodes such as two parallel plates, ami .nince q is the 
number produced per second per c.c., then the quantity of elec- 
tricity produced per c.c. per second will etiual r/ x e where e is 
the charge on each ion. Therefore if the aaturatinn c\trrent c 
between the plates be measured in absolute ineaHure q x e will 
be proportional to this current and therefore q x e kc where 
k is a, constant. 

Again if tlie ionization be allowed to reach the .steady state 
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with no difference of potential acting between the plates, then 
N will be the number of ions actually existing per c.c. at any 
instant during that steady state, and therefore N X ^ will be 
proportional to the total quantity of electricity existing in the 
given volume of gas. If the rays be suddenly stopped and at 
exactly the same instant a high potential be established between 
the plates so that all the ions arc suddenly driven to the plates 
before any recombination can take place then N y, e will be 
proportional to the whole charge Cj, measured in absolute units, 
received by the plate. Therefore N X where k-^ is a 

constant. Therefore supplying these values for q and N in 
equation (3) a will equal 

kc 


Therefore 


k r 

^ “ /, 3 ‘ s' > 


ssss 



where /v = 




This constant K depends upon the dimensions of the ap- 
paratus and its position relative to the Rontgen ray bulb. By 
measuring c and tq and determining K for the particular appa- 
ratus the value of a may be determined in terms of e, the 
charge on an ion. 

(b) lixperitni'Hkd Detenmnation.—ThQ actual experimental 
determination of a is somewhat troublesome, presenting sev- 
eral difficulties, and extreme care must be taken to secure satis- 
factory results. It has been measured in absolute measure 
independently by Townsend, Langevin and the author, each 
one using a different method, the author using the one de- 
scribed above. The values obtained by these for a in air at 
ordinary pressure and temperature were respectively 3420 x e, 
32tK) X e anti 33B4 x e, where e is charge carried by an ion. 
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The following' experiment will show in a fairly simple 
manner the rale at which the ions recomhine ami may he used 
to verify the formnla in etjnation (2 1. .//»’ t l‘'ig. 38) is a 

brass tube about 4 cm. in tliameler ami about a meter long. 




Small brass rods a, b, c ami a, all exactly alike ami about (i or 
8 cm. long, arc held in place tin the axis nf the (uhe by bra.ss 
rods passing through ehunite phig.s in the .side of the tube. At 
HK about half the lube is cut away for a length of to cm. 
and the opening i.s covered with thin ahuninium. 'rids is to 
allow the ray.s to pass into the tube ami ioni/e the gas in the 
part Pass a slow .steady current of air throiigli AH from 
a gasometer by weighting llie gasometer .so us to secure eoU" 
stant pressure. Maintain this .stream of :iir a.s steady as 
possible. Place a plug of gla.s.s wool at .1 as hi renuwe all 
dust partickvS from the air as it etilers . IH. As the air passes 
AD it is ionized and this ionized air is earried past tlie elec- 
trodes b, c and d. The farther the air proceeds along the (uhe 
after passing D the longer lime have the ions to recomhine, 
and the number of ions at each electrode should he less than at 
the preceding one. Connect the outer tuhe to the hallery as 
shown and connect the clectrotlc a to the electrometer ami 
measure the saturation current. 'Fhen etmnecl /» to the elec- 
trometer and measure the current, ami d«i this in turn for 
each of the electrodes. Tn each ca.se all the elect rcnles hut the 
one connected to the electrometer must he conuccled tti the 
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lube so there is no field between the tube and these electrodes 
to extract the ions before they reach the particular one under 
consideration. 'The current should be proportional to the 
number of ions ]>er c.c. in the p-as as it passes each electrode, 
dlic decrease in this current as we pass from one electrode to 
the next is a measure of the decrease in the number of ions 
in the time taken for the air to pass from one electrode to the 
next. 1'his time taken by the air to pass between two elec- 
trodes may be determined by observing: the total volume of 
air which leaves the ^-asometer per second and measuring the 
cross-section of the tube AB. By altering the speed and 
re])eating the measurements the conductivity corresponding to 
other intervals of time may be olitaincd. Knowing the exact 
])osition of the volume of air ionized by the rays determine 
the time taken by the air to pass from this position to each elec- 
trode in turn. Let these times be L, etc., and let the number 
of ions per c.c. at each electrode be n^, etc., which are pro- 
portional to the conductivity measured at each electrode. Plot 
a curve having as ordinates the conductivities and as abscissas 
the corresponding times. 

In eciualion (2) the value of n for any given time t may be 
oblaiiied if N and a. are known. Supply two of the cxiieri- 
mental values for and ii.. along with the corresponding values 
for and in the ectualion and thus obtain two numerical 
e(piatif)ns in N and a, and from the.se solve for N and a in 
relative numbers. Now supply these numerical values for N 
and a inetpiation (2) andageneral numerical ec|uation between 
n and t will be obtained. Select any values for t and solve for 
the corresponding values for n and then plot these theoretical 
values for n and I on the same scale as the experimental curve 
already plotted and compare these two curves. The experi- 
mental curve and the theoretical one should agree very closely, 
thus verifying the theoretical curve and the formula from 
which it was obtained. 

65. Diffusion of Ions, (a) Theory.— ~\i two gases, such as 
hydrogen and carbon dioxiile for in.stance, are brought together 
and left in contact and undisturbed they gradually intermingle 
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or (liiTnsc into oiu' atmllun' tn tlu* nuttiuti nf tlu‘ mole- 

culcR. The same* tiling" tuvurs in the cum* «)f :m imiiml gas, 
The ions arc in nicitioiu ami if there is an exeesH i»f inns in one 
part of the gas they will ililTusc In the utlu-r part. If the ion- 
ijccd gasis inaelctsed vessel nr hctwiTn plate eleetmtles the Ions 
will diffiisc to the sides nf tlu* ve-'-el nr the plate-, and tiisappear 
from the gas. Sometimes in a very ennfmed space the dilTusion 
to the walls or eleelmdes is an even nmre important factor 
than rccomhinatinn in causing the loss <.f nni., hnl in a large 
volume of gas the dilTtisinn is much less inijnulant in com- 
parison with recomhinatio!!. A sltidy (jf this dilTusittn nf ions 
throws considerahle light on tin* ennilitinns existing in an 
ioni?:cd gas and leads to some intpnrtutit results. 

The rate at which the ions dilTnse depeiuls upon the nature 
of the gas in which they exist, as is tn he expeeietl, just as 
the rates at which diUVrent ga^-es ditTuse are ditTerent. The 
diffusion of ion.s through the heavy gases i.s .slower than 
through the lighter ones. In a very tiry gas tiie negative 
ions always clifTu.se fa.ster than tlte positive intis, while if the 
gas contains considerahle mfjtstnre the rate.s of tlilTusinn of the 
positive and negative ions are mneh more neat ly eipial. 'I’he 
rates of diffusion of the positive and neg.uivc* ions sliiTer more 
in some gases than in others. 'I'his difTerettee he! ween the 
positive and negative urns explains the phenomenon which is 
so often observed that if an ioni/ed gas eoiiiaining equal num- 
bers of positive ami negative ions be passed iltrtmgh a metal 
tube it will emerge positively charged. The negative tons 
diffuse faster to the .side.s of the tube than tl«> the positive tons, 
and consecpicntly more negative than positive it ms are lost 
and the gas emergc.s with an excess ttf positive eleetrieity. 

The rate at which ion^ diffuse through ga.se.s is much slower 
than the rate of in terdiff union of orilinary gases, lutr in 
stance, air and carbon dioxitle interdilTuse over five times as 
fast as the positive ion diffiiscH through mui.st carbon dioxide. 
Heavy gases diffuse slower than liglil tmen, and since the rate 
of diffusion of both the positive and negative ions in earhtm 
dioxide is so small compared with the rate of diffusion of 
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carbon dioxide into air, the natural conclusion is that the mass 
of the ion in carbon dioxide is large compared with the mass 
of the molecule. This is true in the case of other gases also. 

'ildiese facts have led to the theory that both the positive and 
negative ion.s at ordinary pressures consist of a cluster of 
molecules surrounding a charged nucleus. Ionization is be- 
lieved to consist in the separation of a negative electron from 
the neutral molecule and then this charged electron becomes 
loaded with a cluster of molecules of gas and forms the nega- 
tive ion under ordinary conditions. The positive ion, on the 
other hand, consists to begin with of the molecule deprived of 
the electron and then a cluster of molecules forms about this 
])ositively charged centre. This theory accounts for the fact 
that the positive and negative ions diffuse more nearly at the 
same rate in moist than in dry gases, for in dry gases the 
negative ion is smaller, but in moist gases it becomes more 
loaded up with moisture than does the positive ion, and con- 
sequently its rate of diffusion decreases more than that of the 
positive ion. 

This theory is supi^ortcd by the fact that as the pressure of 
the gas is lowered the. coefficient of diffusion of the negative 
ion increases faster than that of the iiositive. It has been 
shown by J. J. Thomson and by Townsend that at low pressures 
the negative ion is identical with the electron. These facts 
point to the conclusion that the negative 
ion at low pressures loses the clirster of 
molecules attached to the electron. 

'The calculation of the rate of diffu- 
sion in most cases becomes somewhat 
complicated, but as an illustration one 
of the simplest ca.scs will be considered 
liere namely the diffusion of the ions 
lietween two parallel plates. T..et P and 
Q (b'ig. 30) be two parallel plates 
in the ionized gas and consider the 
passage of the ions by diffusion across a small rectangular 
.space of thickness dx and cross section ABCD of unit area. 
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Fig. 39. 
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lA't win.' the uunilK'r of imsiiivi’ and lit llu- iinnilH-i' of lu'^alive 
ions ])cr c.c. 'riien tlu' miinlu'r of i)o>i(ivt‘ ions ilia( pass across 
the face .IIU'P per sec(»nd li\ di(IU''ion will In* proitorP'ouul 
to liii/dx and will he e<iital (o H dn 'dA\ when* /> is a couslai\(. 
''I'hereftn’c the rate <d' increase of the juisitivc ions in the small 
volume will be d/d.v «>f (/^ tin dx) which cpnals P d n dx\ 
If q is the lunnlKT of ions per c.c. protluccd iti the pas per 
second by the ionizinp* sotirce tben the total rate itf chanpc in 
the niitnbcr of ions per second which is tin dt will be made 
up of three factors, nanicly. rale of production ij, rale of 
diffusion D d'^n/dx^, and rate of iH-combination 111111. 


Therefore 





since q and 1) d'^ii/dx" both lend to iucrcaNC the uninhcr in the 
small volume while aiiiii lemK to decrease the nninher. When 
a steady slate is reached dii, dl o, sinci' there is no cluuiLje, 
and therefore 


If the plates are very dose lopedier so that the loss in the 
number of ions due to diffusion is imtch inota* tiiarktal in 
comparison with that due tt» recombination, then the lerm 
anm may be neglected and the equation beconte-. 


'/ *+■ 


If however the plates arc several ceutinieters apart so that the 
loss by diffusion to the plates is very small eompare<l with 
the loss by recombination, then the term lUPn 'dx' drops out 
and the equation reduces to the one we eonsidered in eon- 
nection with recombinatum alone. 'Hie (piautitv is ealled 
the coefficient of diffusion and is one of the important mm' 
slants in connection with ionization. 


luitrsKt.N cn- iiisK 

(h) lispt'rinn'iifdt I h'(n iniiutdoii. ‘Tlu' rvju’t inu-utu! tU* 
tcrniiuHlinii of llii^ roi'nirifut P in inr.iHiuf involvfH 

sonic (linicullicH and rct(uiroH very cari-fnl manijnilalion. 'I'lif 
followin^^ comparativolv simjdr rspn inu-nl will m-ivc -dinply 
lo illuslralc l!u' ratr "f tliiln ion t»f uUhoni tis-lcrmin 

iiiff" 1 ) in uIl^o!nl(■ nifaHuro. JH « -pM i' a ljra-.s tnlu’ 
alxml 50 cun iou^ and 4 nu. dianu-fi*r. < P an ahuuiuiuui 
vv'indow about in cun louf.^ to allmv llu- jay*» to mtcr the 
tube. ( ibtain sonic bias', tubing' about 4 inni. intt rnal diain 
cter and of as uniloini bore as possjhh*, ( ut a d»»/en Icni^lhs 
exactly in enn loUji^. In tvso brass disk-, wiiieb fit 

inside the laif^c* lube .IP )>ore a do/ni boU-s syninietrically 
arrauf^ed at'ouucl llu* e(’Ulre of the disks, and into ihesf holes 
solder (he small tubes as slunvn at ah. Make aKo nuntlier set 



I* to. 

of a dets^en small (ultes exactly the same as alatve, only make 
them t cm. IniijL' insteatl nf to cm. Make llu* tlisks to fit the 
lulte .Hi accurately, w* that im gas can jsass between the tlisk 
and the lari^er tuhe, hut not n'l^klly fastened stt they may lie 
remnved. /{/-' is a brass tuhe alwmt .in cm. long and just large 
enough to lit tigiilly iul»» the eml nf .IP, so that it may be 
removed at will. // is a eentral eleclrtide about 10 cm. long, 
insulatetl liy an ebonite plug K as shown. The tuhe EP and 
the electrode // are etiuneeted up in the usual mamier for 
measurement as iiulicaled. 

Place the long set of small tuhe.^ at B and pass a steady 


i 
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stream of air from a constant pressure ^msonu-ter (hronf^li tlic 
system enterini^ at . 'I'lie f(as is ioni/.i-d by the rays before it 
enters the small tubes anti on its passage thr.tUKii bn'in loses 
someof its ions by ililTnsion tt> (lie walls t .f these Inbes. fbarj^w 
the tube lil< positively ami the jiosilive ions wbieli escape from 
the tubes ab will be driven to llie electrode //. ami the rati* at 
which 11 char^ws up will be proportional to this number of 
positive ions. Measure this rate of ebarf^t' by the electrometer. 
Then charj^e HI' ncfjatively, and sitnilaiiy the chat>;e per second 
acquired by 11 will be pro])ortion:il to the number of nc;.,mlive 
ions which esctipe from the ttthes ab. Repeat these measure- 
ments several times, keeping? the stream <d' air constant. Note 
that more ])ositive ions escape than ncf;;itivc ions. Ntnv replace 
this set of tubes by the .set of short ones ami repeal the metis- 
urements.bein^? careful to mainltiin the.slri’tim <d' airtd' exactly 
the .same velocity ;is hefore. In the second ixase more of both 
positive and negative ions should esctipe, as they have :i shorter 
time to diffuse while jmssing through the tubes. Roth sets of 
ex])erimeuts should be repeated, using a stream of tiir of a 
different velocity. If the velocity is slower fewer ions should 
CvScape, while with greater velocity more should esi'iipe to be 
driven to the electnxle //. 

The air before ])as.siug into . IH should he thoroughly dried 
and freed from dust particles by [Sissing it through drying 
agents and through a plug of glass wool, 'ritese experiments 
may be rei>eated, using moist air, when it HhouUl be found 
that the difference between the dilTusltm of the positive and 
negative ions is less than in the dry air. 

66. Mobility of Ions .-""When an eleclrie lield is ajtplied to 
an ionized gas the charged ion.s move under the inlhteiiee of this 
■field. The velocity with which they move is of importance in 
many cases. The velocity of the ions under a potential gradi- 
ent of one volt per centimeter is generally termed the mohilily 
of the ions. As in the ca.se of diffusion the veloetlies of the 
positive and negative ions are mit the same, 'bhe veltudty 
of the positive ion in any given gas is always less than that of 
the negative ion. 
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''.riu* iiiobilily of ions tU'piMuIs ujum tin* imtuiv of the jjas in 
wliidi lln'y aiv prodin'ctl. lu'inj^ in Ilian in heavy 

gases. In dry air, for inslaiiee, the veineilies of llie ])ositive 
and iH'gulive ions respeetivady are i.^ti and i.Hy ein. per si'cond 
for a potential gradient of i volt pi-r eentiineler, while in 
hydrogen the eori’esitonding values are (i.yo and 7.t;5 eni. jier 
second. 

'The preseiiee of moisture has a marked effect on the mohility 
of ions, causing, as ;i rule, a diminution of velocity, esjiecially 
in the case of the negative ion. 'I'his is more marked in some 
gases than in olliei's. 'I'his diminution of vcdocily in the jirt's- 
cnee of moisture is a further iudieatittii, especially in the case 
of the negative ion, of an increase in si/,e hy hecoming loaded 
with moisture. 

'I'he velocity of the ions also varies with the pressure of the 
gas, as would he expected, for the fewer the luunlier of mole- 
cules present the U’ss would the ions he retarded hy collisions 
with the molecules, and they wouhl thus have greater oppor- 
tunity to gain in sjuasl uiuler the same electric held. 'I'liis 
velocity is found to he very approximately inversely jirojau'- 
tional to the iiressure of the gas. At low jiressures however 
an muisu.'d increase in velocity of the negative ion takes place, 
greater than wotdd he expected from the mere change in pre.s- 
snre, which indicates a diminution in si/.e of the ion at the 
low i)ressure caused hy the ion .shedding the molecules which 
adhere It) it. 

There are several experimental methods which have been 
nsc'd to measure the velocity of ions under difTerent Cf)nditions. 
Some of these are applicable 
only to a determination of the A 
sum of the velocities of the posi- ^ 
tive and negative ions, while 

others are only snilahle for spe- — r 

cial case.s. Hy the following Pk;, 

method, which i.s due to Zeleny, 
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theory of the inclliod is as follows: Supiiose .//t and CD 
(Fig. 41) rcprcscMit two coaxial metal cylinders helween which 
a stream of air is jiasscd at a constant velocity in a diri'ction 
parallel to the axis. .’\ narrow, welldelined seelitai mu of 
the gas as it pa.sses along is ionized hy Kfintgen rays. A 
constant (HiTerence of ])otenlial is maintained lielween the onln- 
and inner cylinders. 'I'he i<ins will therefore have two com- 
ponent velocities, one due to the motion of the gas p;ira1U'l to 
the axis of the tube and the other at right angles to the axis 
due to the electric held. If the outer cylinder he positive with 
regard to the inner, then the path of a pttsitive ion sl.aiiing 
from a point 111 will be repre.senteil hy the line md. i f the 
potential be reversed this will represent the jiath of a negative 
ion. 

Let a and b he the radii of the inner and outer cylinders 
respectively, E the potential ditTerence between them and X 
the electric field along the radius at any ptnnl /» at a tlistance 
r from the axis. Then hy the ordinary formula for the electric 
field between two coaxial cylinders, 


A' 




E 



Let V he the velocity of the ion tine to unit electric liehl 
and its velocity due to the fiehl A'. 'I'heu 


lit* 

1 )^ as ]{%) w ^ , 

Let he the velocity of the air current parallel to ilu* .axis 
and dx the small distance pa.ssed over in this direelion in the 
time dt] let dr be the distance traversed hy the ion along the 
radius at right angles to the axis in the same lime. 'I'hen, 
since the distance traversed is proportional ttj the velocity, 

(fx 

at 
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Tlicrefore 




(fs « ,, v„dr \ 

7\ ^ Jiv ^ ’ 


fiiul 




''W v,pir\ 

i7< J ■* 


wbcrc' .r is (be total borizonlal distiinct' between jun and d. 

Since llie {^■as is travelliiif^ with a velocity v.;, cm. per .second 
the volnine of passing between the cylinders per second 

^»h 

is equal to I 2 irn>.jJr, which may be deiK)ted by PV, and 
therefore 


'Therefore 



IV 

27r* 
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and 


1! laa 


PV , h 
ITT fix 


(0 


The volume I/'' may be determined by observing the number of 
cubic centimeters of gas which leave the ga.sornetcr per second. 
The distance x is the maximum horizontal distance traversed 
by an ion starting frtjm the inside surface of the outer cylinder 
and this distance depends upon the potential II ; the smaller the 
value of E the farther will the ion travel in a horizontal direc- 
tion. An ion which starts from a point nearer the axis than 
the inside surface of AE will not have a chance to travel so 
far, as it will be jiulled in to CD sooner, and therefore only the 
ions which start from the inner surface will reach the distance 
w. To determine x experimentally the inner cylinder is divided 
at d by a narrow space so that the two parts are insulated, 
the right-hand one lieing connected to an electrometer and 
the left-hand part to earth. If H is great enough all the ions 
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will be pulled into the part (V. but if li is ^M'adnally diininisbecl 
a point will be reached when the inns j\^st reach the part dl), 
and this is indicated by the innvenieiit nf tin* electrometer 
needle. Thus the distance x is known and the corre.spondiuf*' 
value of E may be determined and IE, a and /» may all be 




measured and the vahie of 7 ^ calculated from e(iuation (t). 

In practice some .small corrections have to he matle on ac- 
count of the diffusion of the ions and their mutual repulsions, 
etc., the details of which may he found iu the orij^iual papers. 
The arrangement of the apparatus for this deternunation is 
shown in Fig. 42. /IC and EE are brass tubes of the same 
diameter of about 5 or 6 cm. 'I'he part (7t is a thin walletl 
aluminium tube of exactly the satne internal diameter as the 
brass tubes. This Ls to allow the rays to pass through, 'rhe.se 
are fitted end to end and the joints made gas tight by fitting a 
ring tightly around the joints and waxing them on the out- 
side. The total length of these eomhinetl tnhes shonld he about 
a meter. EF is a thin aluminium tube t em. iu diattieter, co- 
axial with /IB and closed by conical .shaped cinls and divitlcd 
at the point li into two parts, .so that the space srparaling them 
is 0.5 mm. Thc.se two separate porlitins are supported by two 
stout bra.ss rods, R and J?,, pa.s.sing through ebonite plugs tilling 
into the wall of the tube AB. At a cli.slance of 4 or 5 I'lm from 
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H a narrow cross section of tlic air is ionized by the rays 
from (he bulb. 'I’lie widlh of this .section is re^mlaled l)y two 
thick parallel lead screens, ,S' and .S',, in which narrow .slits 
are cut about 2 or 3 mm. in width. 'The eleclrode J\\ is ctni- 
nected to the electromeler, while N is connected to earth ;ind 
the outer tvd)e is connected to one pole of a baltcny, while the 
other pole is to earth. 'I'he slea<ly stream td gas from (he gas- 
ometer enters the tube at . Start the slre:uu of gas through 
the tube at a slow rate of only a few centimeters per second. 
.Start the Rbntgen ray bnlb and put on a fairly large positive 
potential li on the outer tidie from the battery /!/. 'I'est 
whether tlu' electrometer receives any charge. If it does in- 
crease the potential on .-iH till it receives no charge. Then, 
keei)ing the st rerun of gas perfectly constant, carefully adju.st 
this potential until the electrometer is just on the point of 
receiving a charge. ( Ibserve this ludential /t, which will be 
the retitiired value of Ji for the positive ion. Now reverse the 
battery and make AH negative and again carefully adjust the 
potential and let it be /f^. Then 

velocity of po.sitivc ion ^ /tg 

velocity of negative ion /f. 

Find from this the ratio of the velocities of the jaxsitivc and 
negative ions. Determine IH from the ga.someter and measure 
.V, a and b and calculate from e((uatioii ( i) the ah.solute velocity 
for both the positive and negative ioins. 

Change the speed t)f the air current and reiJcat the experi- 
ments, and from these observations determine the velocities. 
This .should he done for several difTerent .speeds of air cur- 
rents. d'hese observati(nis .should give very approximately 
correct values without applying the various corrections men- 
tioned above and will give a very good idea of the velocities 
of ions without making the experiment too elaborate. 

In these experiments the air should be thoroughly dried 
l)eforc entering the tube by pa.ssiiig it through drying agents. 
Afterwards moist air may be used to test the effect of moisture 
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on the velocities. The velocities in dilTerent ^,^:ises .should also 
be determined if a .siinicieiil suiiply of other ^ases is obtainable. 

67. Ionization by Collision. In a former paragraph (§55) 
the relation between the ioni/,;ition current and potential in a 
gas at atmospheric pre.s.snre was consitlered, and there it was 
shown that when the voltage reached a certain value all the 
ions present were swept to the electrodes aiul no further in- 
crease of current could take placi- for an increase (d' voltage, 
and the saturation current was obtained. At Imv pressures 
however in the neighborhood of 1 mm. of mercury the relation 
between current and potential presents a new phenomenon 
which does not appear at the higher pressures. 

This may he studied by means of the ioni/ation chamber 
shown in h'ig. 37. Adjust the {listance between the plates /* 
and P' to about 2 cm. Ailjust the width of the cone of rays 
so that they do not touch the plates as they pass 'through the 
gas. Kxhaust the ves.sel to a pressure of about i mm. C on- 
ncct 5 " and S' to the electrometer autl lt» the negative pole of 
a battery respectively in the usual way. Apply a potential of 
only a few volt.s to S' and measure the current between the 
plates when the rays arc acting. Increase the juiteutial by ;i 

few V(dts and measure the 
current, ('ontinue this until 
a potetitial of about 3(K) volts 
is reached, keeping the pres- 
sure constant. Plot the curve 
for current and voltage. Re- 
peat this for two or three 
dilTerent pressures behnv a 
tnillimeler and plot the curves. 
Idle curves obtained should 
present the general form 
.shown in h'ig. 43. It will be 
Fm. 43. observetl that for compara- 

tively low voltages the first 
part of the curve up to a point A is of the same form as the 
saturation curve at atmo.spheric pressure, hut when the voltage 
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is increased beyond a certain amount the current begins to 
increase again, at first .slowly and then very rapidly. The 
voltage at which this increase l)egins will depend upon the 
pressure oT the gas. 'J'he increase of the current beyond the 
l)oint // must be can.sed ])y an increa.se in the number of ions 
due to .some cause other than the original ioni/.ing .source, for 
we have already seen that Riintgen rays produce fewer ions 
at low i)ressures than at high pressure.s. 

Now we know Ibat if a stream of rai)i(lly moving cathode 
ray particles or electrons be allowed to pa.ss between two elec- 
trodes in a cathode ray tube an ionization current is produced 
between the electrodes, showing’ that the rapidly moving elec- 
trons or ions must have ionized the molecules of the gas. 
1'o ionize a molecule a certain definite amount of energy is 
re(|uired. A moving ion possesses kinetic energy, and if the 
velocity is sufliciently great it will po.sse.ss sufficient energy 
to ionize a molecule if it collides with it. Thus, if the moving 
ions acc[uire sufficient energy fre.sh ions will be produced. The 
kinetic energy of the ion de[)ends upon the velocity and the 
velocity depends n])on the electric field and upon the chance 
the ion has of actpiiring .speed among the molecules of the gas. 
At atmospheric pressure the molecules are .so numerous that 
the ion is not able between two colH.sions to accpiire sufficient 
velocity under ordinary electric fields to ionize the molecules 
by collision with them, hut at low pressures the molecules are 
.so few in numher and far apart that the .speed of the ion has a 
chance to increase sufficiently under smaller fields between col- 
lisions to ionize the molecules when it strikes them. Under 
these cireumstances then the few ions produced by the Rdntgen 
rays ac(|nire sufficient velocity under the influence of the elec- 
tric field to produce fresh ions by collision with the molecules 
and these ions in time produce more and the numher increases 
very rajiidly with the increase of voltage. This increase is 
therefore only observed at the lower pres.sures under ordinary 
conditions, for at the higher pre.ssures the voltage necessary to 
produce the required velocity is so very large, being at atmos- 
pheric iiressurc about 30,ocx) volts. I’or ordinary electric fields 
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this prodiiclioti of ions l)y coHisioii is only (»l)scrvccl for prcs- 
fiiu'cs below about 30 nmu of inetvury. 

This theory of ionization by collision furnishes a very satis- 
factory explanation of the electric spark throiij^h a at 
atmospheric pressure, 'riicrc arc always a few ions existing 
in gases which can be detecteil only by sensitive instruments. 
If a voltage high enough to produce a spark is established 
between two points the few ions existing in the held will 
acquire a velocity sulVicient to ioni/e the molecules against 
which they strike; these new ions in turn will pniduce mt)rc 
ions by collision, and .so the number increaNcs very rapidly, 
until there are eiKUtgh ions to carry a current ami this current 
is the electric spark. Since the gas is at atnu>spberic ])re.s» 
sure the voltage re([uired is very large, but with decrease of 
pressure the ions aetjuire vehicily more easily and the potential 
necessary to produce the diseharge decrease.s. 


CIIAITICR VI. 

()Tlil-:R SOURCICS OF IONIZATION. 


68. Ultra-violet Light.— Up to llie i>rcsent wc have, for 
the sake of simplicity, coiifmecl mir alleiUion chiefly to the 
ionizulioii prodneed hy RtiiUgeti rays. Cathode, l.cnard and 
Canal rays all produce ions, hut the.se rays are limited in their 
a])plication to gases al low pressure. There arc still other 
sources from Which ions may he produced. If ultra-violet 
light rays fall ui)on the clean surface of an insulated plate of 
zinc which is negatively charged the plate will lose its charge, 
while if the plate he uncharged to begin with it will acquire 
a positive charge. If the plate is po.sitiveIy charged to begin 
with, no loss of charge take.s place. The.se effects, which are 
called photo-electric effects, have been shown to be due to the 
liberation of negative corj>uscIe.s, or electrons, from the metal 
by the action of the ultra-violet light. Tn a gas at atmospheric 
pressure the electrons liecome attached to the molecules and 
act as ordinary negative ions produced by other agencies, but 
if produced iii a ga.s at very low pressure they do not become 
loaded with the molecules of the gas and consequently have 
a small mass. 

69. Method of Producing Ultra-violet Light.-“IJght rich in 
ultra-violet rays may for general uses be obtained from various 
.sources, such as an ordinary arc-lamp or the spark from an 
indnetion coil between zinc, cad» 

'mium or iron terminals. For 
making definite measurements 
liowevcr a constant .source is 
desirable, and the following 
method will be found to produce Fio. 44, 

very .satisfactory result.s. Two 

iron wires a and b (lug. 44) about i or 1.5 mm. in diameter, 
are fitfed into screws which are supported by a wooden frame 
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xiBC. By nu'.'ins of tlu'so screws tin* disiaiuH* apart of the 
ends of the wires may lie ailjnsted. 'I'hfsc wires are niadv* the 
terminals of the seeoinlary of an imlnelion roil in parallel with 
which there should he a capacity of three or four ^'ood sized 
r.eyden jars. An alteniatiiift: current is sent throuj^h the 
primary and this current should he adjusted so that with a 
spark leiiK'th of from .j to (i mm. the eticK of the* iron wires 
a and b sliould hccotne whiu* hot hnt not hot euonph to nudt. 
If this spark is run at regular lime intervals iluring a si-rics of 
measurements and kept carefully adjuste«l it will givi* a very 
satisfactory source for a cousiderahle time. 

In cases where greater accuracy is ilesired a UKU’e reliahle 
though a more elnhorate .s]>ark arrangement shown in h'ig. 45 
may he used, *lli is a brass tuhe ahout 4 cm. in diameter 
and 12 cm. long, ('and P arc two side tuhes ahout 1.5 cm. 
in diameter and (i or H cm. long. 'The iron wires a ami b pass 
through glass tuhes / ami t to prevent sparking helweeii the 
wires and the brass tuhe. 'I'hese glass luhc-s in turn pass 
through ebonite plugs in the ends of the tidies, 'hhe joints are 

made gas tight hy se.aling 
wax. ’rill' end of the 
cMl larger tuhe at .•/ is elosetl 

j j B hy a ijuart/ window sealed 

I to the end of the tuhe by 

P 4 'vax. When any wimlows 

or lenses are required 
' llo 1 1 liu'oiigh whieh the nllra- 

^ violet light is to pass quartz 

must of course he used 
Fia. .i|g, as ordinary glass ahsorhs 

the ultni violet rays. 'Hu' 
iron terminals are kept in an almo.si>here of pure hydro- 
gen by passing a continuous .slow stream of hydrogen, 
which has been thoroughly dried, through this apparalu.s, 
enteiing at h and emerging at O, This liydrogen should also 
be thoiouglily free from oxygen, for if any oxygen be pres- 
ent water vapor is formed by the action of the spark, ami this 
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hinders the passujjfe of the nltra-violel rays. Such an arrange- 
ment, which is due to N'arley, will l)e found very constant over 
con s i d c-ral ile intervals. 

With either of these forms of spark to secure constancy the 
current in the induction coil should he kept constant, the 
spark length should he maintained at a constant length and the 
s])ark should he run at regular time intervals, as far as 
possible. 

70. Ionization by Ultra-violet Light. An ionization clnun- 
l)er suitable for testing the ionization produced hy ultra-violet 
light is shown in h'ig. 4f), in which All is a brass cylinder, of 
which tlie length Al^ is about f) cm. and the diameter AC 10 
cm. An opening nh, 5 cm. in diameter, in the end is closed 
hy a ([uartz ))late P sealed to the brass hy wax. I) is a side 
tube 2 cm. in diameter and 5 cm. long, in the end of which an 
ebonite plug tits. 'Through this plug pa.sse.s a light brass rod K 
on the end of which is a metal circular frame ff 6 cm. in 
diameter, across whicli is si retched a fine copper grating’ con- 
sisting of very fine wires not 
more than 0.3 mm. in diameter. 

This grating .sluudd he situated 
not more than about a centi- 
meter from the cpiarlz window. 

A zinc electrode //, 5 cm. in 
diameter, is supported hy a bra.ss 
rod which passe.s out through an 
elK)nite tdug, which in turn fit.s 
into a brass tube UP, soldered 
into the end of the large cylinder 
and a))oul 5.5 cm. in diameter. Thi.s zinc plate may be adjusted 
anywhere from 5 to 10 mm. from the wire gi*ating. Before be- 
ing placed in position this plate should be thoroughly cleaned 
with emery ])aper so that it may present a bright, clean .surface 
on which the ultra-violet light i.s to fall. All the joints between 
the ebonite and metal, etc., are made gas-tight by waxing. The 
wire grating i.s connected through the brass rod K to the elec- 
trometer while the zinc plate H is connected to the negative 
pole of the battery, the other pole being to earth. 
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vSct up the spark ap()aratus so that the source of ultra-violet 
Hg'ht is at the principal focus of a convex lens of (puirtz, in 
order to obtain a parallel beam of ultra violet light after pass- 
ing through the lens. Allow this beam to ikiss into the ioniza- 
tion chanibcr through the wimimv P atul fall normally upon 
the zinc electrode 1(. 

Start with the air in .IP at aliutispheric pressure. Run the 
spark a few times to secure regularity of action and then 
measure thecurrenl produced between (he plate and thegraling 
in the usual manner for dilferent vtdtages on the plate II, ami 
plot the usual voltagc-curreitt curve. N«»tethat with even fairly 
high voltage.s it doe.s not reach perfect .salttralion. Reverse 
the potential, making // positive aiul lest the current, Xute 
that in this case no imrrent is produced, whereas if Rthitgen 
rays were usedaiuniual current would Ik* protlueed. 'riiis indi- 
cates that in the case of ultra-violet ligiit the current is in only 
one direction and must he earriet) by negative ions *suly, for 
when 11 is positive the grating receives no eharge. Reduce 
the pressure a few contimeler.s aiul determine die voltage- 
ciinxMit curve with // cliarged negatively. Rei>eat this for 
various pressures below an alinosp!u*re. Note at the lower 
pre.ssnrcs that the curves show the secoiul rise corresponding to 
the production of fresh uius by collision. If. at these pres 
sures, the potential on 1 1 wliieh will cause ions to he produee(l 
by collision he cliangetl to the .same po.sittve jKitential a eurreiit 
should be observed, for under these eontlitiotis ht»ih positive 
and negative itms are produced by the collisions td the negative 
electrons with the molecules, and thereftire ham «»f hoilii sign 
are present and a current may he oljtained in both tlireelions. 
Test this carefully at different pressures. 

Replace the air by other gases iti turn and re[K*at llie expert” 
ments performed in air. Compare carefully the voltage>cur” 
rent curves obtained in the different gases. 

Several other sub.stances besides ^ine exhibit tltis photo- 
electric effect, such as potassium, sodium, lilbium, magnesium, 
etc. Copper, platinum; silver and a few other metals exhibit 
it to a less extent. 
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To obtain (his plutlo-dt’clric ofTirl the surface of llie zinc 
or other metal einployt'd sliouhl he as clean and well jxilished 
as possible. If the surface becomes tarnished the elTect is 
greatly diminished or even entirely destroyed. 

71. Photo-electric E'atigue. 'I'lie rate of emission of elec- 
trons from some metals is much greater at tlie beginning of 
the e.xposnre to the ultra violet light than after the light has 
fallen upon the surface for some time. 'I'his elTecl is usually 
known as pholo-cdcctric fatigiu*. 'riic cause of this phenome- 
non has not yet 1)een thoroughly determined, as it appears to 
depend upon a variety of comlitions, such as the nature of the 
metal employc’d, the nature of the gas surrounding the metal, 
the pressure «)f tlie gas and even the (piality of the \illra-violet 
light u.sed. It may easily be observed in (he case of zinc in 
air at atmo.spheric j)ressure. Starting with a perfectly clean 
zinc surface in air at atmosjjheric ])re.ssure test (be pho(t)- 
electrie. efTect at intervals extending over .some lime and note 
that the elTect diminishes appreciably after the ])late has been 
exj)o.sed to the light for some time. 

72. Incandescent Solids. Many years before the ionization 
theory of gases was advanced it was known that a red-hot or 
white-hot metal ctutsed the air abemt it to conduct electricity. 
If a metal electrode be placed near to a metal wire and the 
latter be healed until it begins to gh)W a current through the 
gas will be produced and the electrode will receive a charge. 
The charge received by the electrode and the current depend 
upon several conditions, such as the temperature of the wire, 
the pressure and nature of the gas surreumding it and also 
the material of the wire. The behavior of hot metals and 
the gases surrtnmdijig them is very irregular, but it has been 
found that the gases surrounding llie.se lu»l metals present all 
the characteristic jjroperties cif ionized gases. In general the 
re.sult.s of experiments .show that metals and carbon heated to 
incandescence in high vacua give cjIT negatively charged car- 
riers, The ratio of the charge to the mass of these carriers 
has been shown to he the same as for the cathode ray particles, 
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This, along with other consulcralions, has led to the theory 
that these negative eorpnseles are distrilmted throughout the 
volume of metals at all temperatures, hut wlum the metals are 
heated to incandescenee the eorpnseles ae(iuire suHieieut energy 
to eseai)e into the surrounding sp.aee. 

At lower temperatures and higher pressures positive ear- 
riers arc given otT from some metals when heated. Although 
this (|uestion has been investigated to a eonsideral)!e extent, 
yet the phenomena seem so eomplieatecl lliat no very definite 
explanation has as yet been arrived at. 'file results seem to 
indicate that the positive carriers are due in some way to a 
disintegration of the hot metal or to some chemical action and 
that the positive carriers are large compared witli the negative 
corpuscles. 

The general action of heated .solids in this regard may he 
illustrated by the following experiments. 

73. Heated Platinum. — The form of apparatus shown in 
Fig. 47 will be found convenient for the sindy of liealed 
platinum, /l/i is a glass lube about 4 cm. in diameter and 10 
cm. long. A fine platinum wire ah is fa.Htened at the ends, by 
welding, to two heavier platiuitm wires cd, which arc sealed 
through the glass at the ends of the lube, f\}NS is an alumin- 
ium cylinder from 2 lo 3 cm. diameter surrounding the plati- 
num wire and supported by an aluminium rod //, which is 
fastened to a platinum wire sealed througli the end of the lube 
T. A couple of narrow .slits should he eul in ibis cylinder 
opposite to one another so the wire may he .seen as it is 
gradually heated up. 

Connect througli a suitahle adjustable resistance ami key 
K to the wires c and d a battery //, of large storage cells 
capable of producing a steady current of several amperes for 
the purpose of heating the wire ab. C’onnect the wire ah 
through one of the terminals c to one pole of a set of small 
accumulators //^ and the cylinder lUi lo the electrometer in llu' 
usual way as shown in the diagram. Start with the vessel 
filled with air at sitmosphcric pressure and gradually increase 
the current through ab from the battery //j until ab begins to 
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glow. Make (iu‘ of laninoi'li’d to ab (ho positive one 
and when the wire ])egins lo gdow observe llmt tlie cylinder 
receives a i)o.si(ive charge, indicating the passage of positive 
electricity from ah lo the cylinder. Make ah negative and note 
that the cylinder receives no charge. 'I’liis indicates that only 
positive elcctrincalion is given olT at this lemperalnrc, Gradu- 
ally increase the temperature of the wire and note that the 
positive charge received by the cylinder when ah is positive 
gradually increases until a maxinuini is reached at about the 
temperature of a yellow heat, and as the temperature is further 
increased the charge receive<I by /7\‘ diminishes. 

Starting again with the wire at a temperature of about a 
yellow heat, or a little ;d)ove this, gradually exhaust the air 
from the vessel and observe the currcjit between ab and the 
cylinder at the dilTerent stages. Note that for a consider- 



able range of pre.s.sure below atnio.spheric pressure no very 
great change of current takes place until a pressure somewhat 
below a millimeter is reached, when the gain of positive charge 
by the cylinder begins to diinini.sb and finally when a very 
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low pressure is reached the charge received by PR changes sign 
and finally reaches quite a high negative value, showing that 
the hot wire at this low pressure gives ofT negative electricity. 
In order of course to delect this the potential on ab must be 
negative and this should be carefully experiiuented on about 
the reversal point. 

When the low pressure, at which the negative electricity is 
given off, is reached keep the pressure cou.slant and measure 
the ionization current for different ptsteniials between ah and 
PR and plot the current- voltage curve in the usual manner, 
which will he found to resemble the usual form of saturation 


If the platiiuim wire has not been healetl before it will he 
found necessary to keep continuou.sly pumping out the vessel 
at the low pressures to ‘maintain the [iressure constant, as the 
heating of the wire, causes it to give off occluded gases which 
increase the pressure in the ves.sel. Similar measurements 
may be made with a fine copper wire in place of the platinum. 

- 74. Heated Carbon, Similar ])henomena at 

JL. low pressures may he observed in the ease of 

heated carbon, d’he carbon filament frtuu a 
^ small incandeseeni lamp may he utilized for 
P this purptKse, The thick filament from an 
<r 8-volt lamp will he found suitable, and it may 

he used without removing it frtun its fixtures 
in the lami) by breaking off the Icjp ttf the 
T lamp A (Fig. 48) and then carefully joining 
on a wide glass tube T wliich has first lieen 
drawn down to a smaller diameter and jtiined 
f fL \ lamp. After the joint is 

[ ]a >^i^de it may be carefully blown out to a larger 

V U J size so as to admit the electrode F, which sur- 
round.s the filament C. This electrode /? con- 
Ftg 48 aluminium cylinder which is sup™ 

ported by a rod sealed through the glass tube 
D. On the other end of D a bulb E is blown and the joint 
between this bulb E and the tube T is made with sealing wax 
as described in §31, 
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The discharge of electricity by the carbon filament must be 
tested only at the low pressures, for in the presence of oxygen 
the carbon oxidizes at the high temperatures and would con- 
sequently be destroyed at the higher pressures. Test the dis- 
charge from the carbon at the low pressures as to whether it 
is positive or negative. Determine the current-voltage curve. 

Substitute hydrogen for air in the vessels and repeat the 
experiments with both platinum and carbon and compare the 
results with those obtained with air. 

In some of the above experiments it will be found that the 
current between the wire and the electrode is so large that it 
may easily be measured by means of a sensitive galvanometer. 
In these cases it will be found more convenient to use a gal- 
vanometer instead of the electrometer. 

75. Ionization from Flames. — Flames form another very 
common source of ions. Gases surrounding flames contain 
ions and will conduct electricity. If two electrodes are placed 
some distance apart in an ordinary Bunsen flame quite an 
appreciable current is observed which may be measured by a 
galvanometer. If the air surrounding such a flame be drawn 
away from the flame it is found to be still conducting, as a 
gas ionized in any other manner would be. Ions are produced 
by a considerable variety of flames, but it is necessary for the 
flames to be of a comparatively high temperature. Low 
temperature flames do not produce ions. The ions produced 
by flames appear to be much larger than ions produced in 
other ways, for their velocity has been measured and found to 
be much less than that of other ions. 

The experimental determination of the electrical conditions 
in flames is somewhat complicated by the fact that in order 
to make measurements metal electrodes must be used and when 
placed in the flame they become incandescent and give off 
electricity themselves, and it is difficult to separate this effect 
from the effects due to the flame alone. The following simple 
experiments will however serve to illustrate the electrical prop- 
erties of flames. 

Place an ordinary coal gas flame between two parallel metal 
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platCvS so that there is a space of half a centinielcr or so on 
each side of the flame between it and the plates. C'har^;-e one 
of these plates to a hij»-h positive fiolential and the other to a 
high negative potential by a set of accuimilalors, ( )hserve that 
the outer part of the flame where the most combustion takes 
place is drawn towards the negative ])kile while the inlerior 
or cooler part of the flame is attracted to the positive plate, 
showing that the hotter part is positively charged while the 
ccx)lcr part is negatively electrified. 

In a Bunsen flame place the ends of two platinum wires 
and connect one of these through a sensitive D’Arsonval gal- 
vanometer to one pole of a storage battery of only a few 
volts and the other electrode to the other jiole. Oliserve the 
current as measured by the galvanometer. 'Pest this current 
for various positions of the electrodes in the flame and note 
that the magnitude and direction of the current depends greatly 
upon the relative position.s of the electrodes. 

Place the platinum electrodes some distance aiiart in the 
flame and note the current. Drop a few crystals of any of 
the ordinary salts, which volatilize wlieii heated, into the flame 
between the electrodes and observe the .sudden increase of cur- 
rent produced. The same cfTect will he observed if a .solution 
of any of the salts be introduced by spraying into the flame. 

Place a Bunsen flame at the end of a glass iir brass lube 3 or 
4 cm. in diameter and 30 or /jo cm. long and allow the other 
end of the tube to open into a fairly large sized electroscope. 
By an aspirator attached to another opening in the electroscope 
draw a slow current of air past the flame and into the electro- 
scope. Charge up the gold leaf of the electroscope and ob- 
serve that as the air current is pas.sing the charge ([uiekly dis- 
appears, showing that the air surrounding the (lame i.s con- 
ducting and it retains its conductivity for a lime after being 
removed from the neighborhood of the flame just as an ionized 
gas will do. 

This conductivity of flames is often made use of in di.s- 
charging an electrified body. If for instance any insulation 
has become charged up on the svtrface it will sometimes take 
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a long time for the charge to leak away, and in the meantime 
it will cause troublesome electrostatic disturbances. To get 
rid of this charge on the surface it is sufficient to simply pass 
a Bunsen flame quickly over the surface a few times (see § 15), 
when the conductivity of the flame will allow the charge to be 
conducted away through the flame. A flame furnishes a 
convenient conductor in this case, as good contact can be 
made over the whole surface of the insulation so as to com- 
pletely get rid of the charge. 

As pointed out previously (§15) the presence of flames in 
the neighborhood of insulated conductors is to be carefully 
avoided or otherwise the conductors will lose their charge 
through the conductivity imparted to the air by the flames. 


Cl lAP'PICR VI 1. 

IONS AS NUCl.ia. 

76. General Phenomena.* lA)r sonu' years liefori’ llu' loni/.a- 
tion theory of gases was proponnclod it was kiunvii that if dust 
particles were present in a damp gas the water vapor would 
condense around these dust partieles as nuclei wluai a sudden 
expansion of the gas took place. It had also heen ob.scrvccl 
that if a highly charged eleclrode, such as the ti’nninal of an 
influence machine or induction coil, were placed lu'ar a trans- 
parent steam jet a marked change in the Jet occurred during 
the escape of electricity from the elect roth*. 'The steam con- 
densed into fine drops, as could he shown by the increased 
opacity of the jet if its shadow were east on a screen. 

After the discovery of Rdnlgen rays it was shown that if a 
beam of the rays were allowed to fall upon the steam jet con- 
densation took place. Since it had heen proved that dust 
particles acted as nuclei of condensation some maiiilaiued that 
the condensation of the steam jet in the eases of tlu' charged 
electrode and Runtgen rays was alsit dur in dttsi while oilu-rs 
explained the effect on the steam jet a.s due to the presence 
of ions. In 1897 and later C, T. R. Wilson provecl Ity a 
series of valuable experiments that ions do act as nuclei on 
which water vapor will condeiuse when moist air is suddenly 
cooled by expansion. 

77. Expansion Apparatus.- fl'he later and improved form 
of apparatus designed and used by Wilson i.s .slanvm in h'ig. 
49. A is the vessel in which the expansion takes place. It 
consists of a heavy glass cylinder ah about id or iH cm. in 
diameter and about 8 cm. in height. 'The ends of llu* cylinder 
are ground flat so that the brass plate.s cd and r/ fit tightly 
against the ends. Between these, plates and the etuis of the 
cylinder thin rubber washers should he placed and tlu* two 
plates drawn tightly together against the ends by six or eight 
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brass rods rr acting as bolts with nuts. If this does not make 
the vessel air-tight the joints may be waxed. From the middle 
of the lower plate ef a brass tube T, about 7 cm. in diameter 
and 25 cm. long, leads. The lower end of this is closed by a 
large rubber stopper .S'. This tube also contains a closely fitting 
piston P which consists of a light brass tube with a hemi- 



spherical top. This piston should be made to slide easily inside 
the tube. Through the stopper .S' another glass or brass tube 
leads into an air-tight chamber B and from this leads another 
tube Ta to a large glass receiver R, which is connected to an 
air-pump. For this purpose a large glass bottle with two out- 
lets may be used. The opening .of the tube is closed by a 
rubber stopper .S’l attached to the end of a rod which passes 
out through a closely fitting tube in the bottom of the chamber 
B. A piece of rubber tubing ^ should fit tightly over the end 
of the tube and the rod so that the rod may be moved 
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through the tnhe without allowing air to enter Ji. 'i'he slo])pt‘r 
Si and attached rod are held liglUly against the end of the 
tube 'I\ by a still si)iral spring, b'roin the npi)er ehan)1)er /I 
another small glass tube 7'., leads to a inanonieler < 1 / by which 
the pressure in A may be measured when the lap h is open. 
J?i and Ah are two mercury reservoirs eoimeetc-d by a ru 1 )ber 
tube by which the pressure in .7 may be regulaletl. 'I'lu' tap /;, 
closc.s the tube, d'hc shaded part in the tube 7' is filled with 
water which scrve.s to keep the air in . I saluraleil as well a.s to 
make a flexible air-tight joint between tlie piston /’ and the 
tube 1\ 

Now suppose that the month of the tube 7h is closed by 
Si and R is partially exhausted by the air-pump. Sutipose. the 
air in both A and A is at atmospheric pressure. 1 f /p be closed 
and h opened and R.^ be lowered slightly, then the pressure in A 
will be slightly relieved and the piston /* will rise a little until 
the pressure in A and A balance, 'fhen if A, be suddenly with- 
drawn from the end of 'I\ the air in A will suddenly ru.sh into 
R and thereby lower the pressure in A to a point consideralily 
less than that in A, and the piston P will be suddenly forced 
down against S. This results therefore in a sudden expansion 
of the air in A, The more raiiidly this exiiansion takes tilace 
the better, and therefore the rod f, .should he attached to a 
trigger arrangement with a strong siiriug so as to olilaiu a very 
sudden release and con.sequenlly a very siulden (»peniug of 7'.^. 

78 . Production of Clouds.—Cdose the valve A, and the tail 
hi, open the taps and h and by adju.sling /v‘., raise the piston 
P only a short distance in the tube 7\ so llial only a small 
expansion will take place when P is foreeil down. (’lose the 
tap h; partially exhaust the reservoir R and suddenly open A,. 
Observe the dense cloud formed in A. To observe this to the 
best advantage render the drops visilile by hriglitly illuminat - 
ing the space in /f by a strong beam of light from an are 
lamp, concentrated by means of a glass convex lens. This 
lens not only servc.s to concentrate the light, but also cuts out 
any ultra-violet light which would be apt to alTect llie results. 
Observe the cloud gradually fall. When the drops have 
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disappeared repeat the experiment, expanding the air in A 
again. Repeat this several times and observe that a cloud is 
formed each time, but that it gradually becomes less dense 
until, after a number of expansions, practically no cloud is 
formed. These clouds are due to the dust particles in the air 
around which the water vapor condenses and the dust is carried 
down with the drops and therefore after several expansions 
the air is finally freed from dust. After the air is thus prac- 
tically freed from nuclei no cloud is formed if the amount of 
expansion is below a certain limit. 

Even in air freed from dust particles clouds may be formed 
by expansion under certain conditions. The formation of a 
cloud in dust-free air depends upon the extent of the expansion. 
Wilson has shown that if is the volume of the air in A 
before expansion and" 7^2 volume after expansion then if 
is less than r.25 no condensation occurs in dust-free air; 
if is between 1.25 and 1.38 a few drops may be observed 
but as soon as becomes greater than 1.38 a dense cloud is 
formed on expansion even if no dust be present. Test these 
facts carefully by expansion. The amount of expansion de- 
pends upon the height to which P is raised, and since the vol- 
ume is inversely proportional to the pressure the ratio of the 
volumes before and after expansion may be determined by ob- 
serving the pressure as indicated by the manometer M before 
and after expansion. 

Completely free the space A from dust by repeated expan- 
sions. Then adjust by trial the height of the piston P so that 
the ratio of v.Jv^ will be less than 1.25 and observe on expan- 
sion whether any cloud is formed. 15y careful adjustment 
gradually increase this ratio and observe the result as re- 
gards condensation. By a series of trials verify the results 
slated above. 

79. Ions as Nuclei.— If tlic gas in A be acted upon by an 
ionising agent, such as Rdntgcn rays a change occurs. Pass a 
horizontal beam of Rdiitgen rays through the air in // and 
repeat the experimenls of the last paragraph, and observe that 
fur values of the ratio below 1.25' no cloud is formed as 
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before. But between the values 1.25 and 1.38 a dense cloud 
is formed when the ray.s are aelinj^ when* only a few drops 
were observed before when no rays weri' aetin^A This indi- 
cates that the ions act as nuclei on which llu‘ water vapor 
condenses. 

That the formation of the cloud in this instance is due to the 
])rescncc of the ions and not to some ttlher possible action of 
the rays may be easily pmved by the following experiment: 
Place in the chamber ci two insulated parallel plates p and 
as indicated in the diajjjram, about 5 cm. apart. I'lstahlish a 
potential of about 400 volts between these plates. This electric 
field should remove the ions as soon as formed. With this 
large potential between the plates pass the rays through as 
before and observe that with the expansion that would pro- 
duce a cloud with no field on there is practically no more 
condensation than when nti rays acted at all. Note that as 
soon as the plates are disconnected from the battery the same 
expansion will produce a dense cloud. 'This shows that the 
dense cloud which is fonuetl by the rays wlien there is no 
field on is due to the presence of the charged ions, for when 
they arc removed by the eleelrie field the cloud is not formed. 

It can easily he shown also that these drops of water formed 
by the action of Rdntgcn rays arc charged, for if an electric 
field be applied to them after they are formed they will nuwe 
under the intlueuce of the field. Allow the rays to iotuT.e the 
air between the plates in A as before but without any electric 
field on and produce a cloud by a suitable expansion. As roon 
as the sudden commotion in the air caused by the expansion 
subsides apply a strong electric field between tlie plates and, if 
the field is strong enougii, it may he observed that .some of tlie 
ions move towards the upper plate, while the others move more 
quickly downwards than they would do sinqily under the action 
of gravity. If the field he reversed the direction of motion 
will be reversed. This action of the electric field on the drops 
shows that they carry a charge and that there arc charges of 
both signs present, showing that both the positive and negative 
ions act as nuclei. A cloud which is f tinned without the 
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action of an ionizing agent will not be affected by an electric 
deld. 

Wilson has also shown by means of a special form of 
expansion chamber that water vapor condenses more easily 
around the negative ions than on the positive. When vjv.^ 
exceeds the value 1.25 and reaches the value 1.28 a large 
amount of condensation takes place around the negative ions, 
but very little condensation takes place on the positive ions 
until a value of 1.3 1 is reached. This is a confirmation of 
the theory that the cause of the greater diminution of the 
velocity and rate of diffusion of the negative ion in moist gases 
is due to the negative ion becoming more easily loaded with 
moisture than the positive ion. 

80. Ions from Other Sources as Nuclei. — ^Remove the plates 
p and />, from the expansion chamber A and replace the plate 
cd by a similar one which has an opening in it covered with 
a quartz window to admit ultra-violet light. Inside of A place 
a- polished zinc plate some distance below the window. Allow 
ultra-violet light to pass through the window and fall on the 
plate and repeat the experiments described in the first part of 
§ 79, using the ultra-violet light in place of the Rontgen rays 
and observe the formation of the cloud, which indicates that 
the ions produced by ultra-violet light will act as nuclei in a 
manner similar to those produced by Rontgen rays. 

Again remove the plate cd with the quartz window and re- 
place it by another similar one from which a thin platinum 
spiral is suspended, with the two ends of the wire passing out 
through small insulating plugs so that the wire may be con- 
nected to a battery by which it may be raised to incandescence. 
I Teat this platinum wire in the usual way by a storage battery 
and repeat the experiments described in the first part of § 79, 
using tlie charged nuclei produced by the hot wire in the place 
of the ions produced by Rontgen rays. Note the values of 
vJVy necessary to produce the cloud when the wire is at 
different temperatures. Since at the lower temperatures posi- 
tive ions are given off by the wire while at the higher tempera- 
tures negative ions are emitted, a difference between the expan- 
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sions necessary to prcuhice coiuleiisalion aromul the positive 
and the negative ions may he iioled here, as a( (he difTereiit 
temperatures one kind predominates over the other. Carefully 
observe this dilTerenee. 

8i. Charge Carried by an Ion. 'I'liis propi'i-ty of ions to 
act as condensation nuelei has been ntilizi'd to (Udermine (he 
absolute value of the charge carried by an ion. 'I’lu* nu'lhod 
is not a very simple one and htid better hi* U'ft by the student 
until further work has been done and more experience gained 
in this subject. The getieral principle will however he de- 
scribed here. 

When an extiansion lakes place' in ionized air water drops 
form around the ions and fall uiuler the action of gravity. Sir 
George Stoke.s has shown that if a tirop ed' water of radius r 
falls through a gas of vi.scosily ft, tlu'ii the velocity r with which 
the drop falls is given by the e<|nation 

y M 

where g is the aeceleralicm of gravity. d*he velocity can lie 
measured hy observing the rale at which tlie cloud falls under 
the action of gravity, and since ft, is known for air and // is 
also known, therefore r may he determined. If m is the mass 
of water deposited and n the mmiher of drops ju-r c.e., then 
m~n X % 7 rr^, since the density of water is tmitv. b’roni 
well-known thermal considerations the amount of water vapor 
deposited from a gas when a knowji expansion occurs can he 
easily calculated, and therefore m may he determined. Know- 
ing m and r the number of drops n. which is the same as the 
number of ions, is easily calculated. 

Let two parallel plates he plaeecl d cm. apart in the expan- 
sion chamber A (Fig. 49), and let a potential ditTereiiee V, 
small compared with that ncces.sary to pntduee saluraliou. he 
applied to them. Then if the .sutu of the velocities of the 
positive and negative ion.s per unit potential dilTerenee he u and 
the charge on each ion be c the current i per .stpuire cenli- 
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meter of cross section of the plates is given by 

mt Vc 


since n is the mimher of ions per c.c. and the current is pro- 
portional to the total charge nc and the velocity uV and in- 
versely proportional to d. The value of n has been determined 
from the expansion, and u is known for any value of (§ 66). 
The value of i can be measured in the usual way by the elec- 
trometer and d and V can be measured. Therefore e may be 
calculated. 

By. the latest determinations of J. J. Thomson he has shown 
that 

c-:- 3.4 X 10"^“ clectro.static units. 

ITc has also shown that the charge carried by the ion in 
hydrogen or oxygen has the same value and that it does not 
depend upon the source by which the ions are produced. These 
results seem to indicate that the charge carried by a gaseous 
ion is the same under all circumstances, and it appears that it 
might be taken as an invariable and fundamental unit of 
electricity. 
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CHAPTER VIIL 

INTRODUCTORY EXPERIMENTS ON RADIO-ACTIVE 
SUBSTANCES. 

82. Discovery of Radio-activity. — The discovery of Ront- 
gen rays and their close connection with phosphorescence led 
physicists to enquire whether any natural substances, espe- 
cially those which exhibit phosphorescence, were capable of 
producing radiations of a similar nature. Several substances 
were examined by different experimenters, but the first dis- 
covery of importance in this regard was made by M. Henri 
Bccquercl in t8()6, who found that the double sulphate of 
uranium and potassium emitted a radiation which produced an 
effect upon a photographic plate enclosed in black paper similar 
to the effect produced by Rdntgen rays. He later examined 
other comi)ounds of uranium as well as the clement itself and 
found tliat they all possessed this power. The extent of the 
action on the plate docs not depend upon the particular com- 
bination in which the uranium occurs, but entirely upon the 
amount of uranium present in the compound, which indicates 
that the radiations result from the uranium itself and not 
from the fact of its association with other substances. 

Although the connection between Rontgen rays and phos- 
phorescence pointed the way to the discovery of these radia- 
tions from uranium, and notwithstanding that they were first 
attributed to phosphorescence, it has since been shown that 
there is no connection between these rays emitted by uranium 
and its pho.sphoresccnce, for some compounds which are not 
phosphorescent emit the rays. 
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83. Warning.- -“Ik'f on* procci'iling In use* llu* various radio- 
active sii1)slances with which we will have to do a timely cau- 
tion must he given so as lo prevent serious dillieidty later. Tn 
handling these radio-active substances the (jrt'attwl cart' must 
he taken not lo spill the .v/h//!h’.s 7 trace of them, for if they 
become scattered round the laboratory, even to the slightest 
extent, the room will become so contaminated that after a time 
the air of the room will he .so radio aetlvi* that no line measure- 
ments or accurate work of this nature can be done in it. 

In the cases of radium, thorium or actinium great precau- 
tions must be. taken to always keep these substance's tightly 
enclosed in an air-tight receptacle even while working with 
them, for as we .shall .see later they give otT a radio-active gas 
which will cause, the walls and other bodies in tlu* room to 
become radio-active. Thi.s raditi-activity cannot be got rid of 
for ycar.s. This latter precaution need not be taken in the 
case of uranium and its comjuntnds. 

84. Photographic Action of Rays from Uranium. Wrap a 
photographic plate in ordinary hlaek iiaper. Spread a few 
grams of uranium oxide on a thin sheet of pa] ter in a layer 
covering an area of 6 or H cm. sqnaiT. ! .ay two or three 
opaque articles, such a.s .small pieces of metal, on the black 
paper covering the plate on the Him side of the i>late, and on 
top of these piece.s of metal iilace the sheet of paper containing 
the uranium oxide. Lay this away in a perfectly dark nMun 
for about twenty-four or thirty-six hours. 'I'licn develop the 
photographic plate in the ortlinary way, and observe that the 
plate is darkened except where the ojiatpie bodies east a 
shadow. The uranium thus gives ofT a radiation which alTccts 
the plate but differs from light in the fact that it penetrates 
the black paper, although it will not iienetrate the metals. 'Fhe 
action is however very weak, as it takes .several hours lo jiro- 
cluce any impression. If the uranium oxide ami plate had been 
left for only an hour or two practically no effect wonhl have 
been observed on account of the weak action of the rays. The 
same experiment may be repeated using other compounds of 
uranium, such as the sulphate, etc. 
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85. Power of Uranium Rays to Discharge an Electrified 
Body. — Using an electroscope of the form shown in Fig. 14 
cut a hole about 5 cm. square in the base plate and cover this 
opening by a very thin sheet of tissue paper simply to prevent 
air currents inside the electroscope. Cut two sheets of brass 
or zinc 15 cm. square and 2 or 3 mm. thick. In one of these 
cut a central sc[uare hole about 5 cm. square. To the other 
plate solder or rivet two .short upright pins, and in the plate 
from which the hole is cut bore two holes corre.sponding ex- 
actly in position with the pins in the other, so that the two 
plates may be fitted together always in a definite relative posi- 
tion. Idiese, when placed together, will form a shallow recep- 
tacle of definite area which may be used to hold the uranium 
comjiound. 

Place a few grams of uranium oxide in a uniform layer in 
this rece])tacle and idace it immediately below the opening in 
the electroscope. ke])eat in detail the experiments described 
in §46, using the radiations from uranium in place of the 
Rdntgen rays. Note that the effects produced arc practically 
identical with those ])roduced by Rdntgen rays. The radia- 
tions from the uranium are however of a much weaker nature 
than Rfintgen rays. 

Using the a])paratus represented in Fig. 28 substitute for the 
Riintgen rays a few grams of uranium oxide contained in a 
small shallow trough, which may be placed either in the bottom 
of the tube .-IB or just below an opening cut in the bottom of 
/IB. It is advisable to cover .the trough with a .sheet of thin 
tissue pa])er as a in-ecaution in case the air current through 
the system sliould accidentally become strong enough to blow 
the oxide out of the trough. 

Repeat in detail the experiments dc.scribed in § 47, using the 
uranium radiations in place of the Rontgen rays. In cases 
corres])onding to the stoppage of the Rdntgen rays the uranium 
will of course have to lie removed from /IB. Oliscrve that 
the elTects iiroduced by the uranium radiations are similar to 
those produced by Rdntgen rays. 

These experiments indicate clearly that uranium oxide emits 
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some sort of a radiation which produces conduclivity in a gas 
similar to that produced hy Knnlj^en rays. 'I'his conductivity 
of the gas persists for a time after reninval from the direct 
action of the rays and may he trausmittetl fnim one pitint to 
another along with the air. It may also he removed hy mechan- 
ical or electrical means in the same way as that produced 
by Rontgen rays. 

86. Ionization, Current Produced hy Uranium. Apl^aralns. 
—Arrange a system as .shown in h'ig. 50. .//^ is a rectangular 
box made of metal (zinc about t mm, thick is suitable) and 
should he about 25 cm. each way. ( ‘ is a metal plate about 
16 cm. square resting on insulating pillars, ami is coimectetl to 


one pole of a battery of small accumulators as shtiwn. A is 
a similar metal plate parallel to (.' and suspended hy four 
ebonite rods from the top of the Ihjx. It is connected hy a 
wire, passing out through an e])f)nite i)hig, tt) an electrometer 
in the usual manner. The top of the box may he lilted stt that 
it can be lifted off and the whole of the n|)per part of the 
system removed if desired. One side of the box should be 
fitted with a door about 20 cm. square, which ought to fit 
closely when closed. 
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Current-voltage Curve. — Adjust the distance between the 
plates C and D to about a couple of centimeters by adjusting the 
height of C. On C place centrally the double plate receptacle, 
described in the last paragraph, containing a layer of the ura- 
nium oxide. On insulating the electrometer quadrants it will 
be observed that they immediately begin to charge up, indicat- 
ing the presence of an ionization current between the plates. 
Measure this ionization current in the usual way for different 
voltages applied to C. Plot the current-voltage curve and 
observe that it is of the same form as shown in Fig, 32. 

Current and Distance Between the Plates. — Determine the 
current-voltage curve for different distances of the plates 
apart varying from about 0,5 cm. to 5 cm. Note that they 
all follow the same general form, but that the saturation cur- 
rent increases as the distance between the plates increases, 
riot a curve showing the relation between the saturation cur- 
rent and the distance between the plates. Note that the curve 
is not a straight line. 

Current and Thickness of Layer of Material. — Place the 
plates a given distance apart, say about 2 cm., and place a 
sheet of note paper in the bottom of the receptacle for hold- 
ing the oxide, and dust, by means of a fine wire gauze, a uni- 
form and very thin layer of uranium oxide on the sheet of 
paper and measure the saturation current. Then increase the 
thickness of the layer a little by dusting some more oxide on 
the paper and measure the saturation current again. Repeat 
this a number of times, increasing the layer a little in thick- 
ness each time. Weigh the sheet of paper before starting the 
experiments and then weigh it and the contained oxide each 
time. Observe that the saturation current increases with the 
increase in the amount of oxide used. At first with thin layers 
the current is jiractically proportional to the quantity of oxide, 
but after the layer becomes thicker the current does not in- 
crease so rapidly with increase in thickness. Plot a curve 
showing the relation between the current and the quantity of 
oxide used. 

Current from Different Compounds, — If different com- 
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pounds of uraniiini, such as (he oxide, sulphate, chloride, etc., 
are available measure the saturation currents produced hy 
e(iual (iuanti(i(.‘S tif Ihesi' comi)ounds under similar conditions 
and comi)are them. If it is convenient samples of these dilTer- 
ent compounds may he analyzed and the (piantity of uranium 
present in each determined. If this is dune it will he found 
that the current ])roduced for a j^iven weij^ht of compound 
depends not upon the tiature of the compound hut upon the 
quantity of uranium pre.sent in it. 

Current and Time.- Select a f;iven specimen of any of the 
radium compounds, say uranium oxiile, and test the satura- 
tion current produced hy it hetween the plates at a p;'iveu dis- 
tance ai)arl and repeat this test under exactly the same 
conditions each day for several days. It will he found that 
if all the conditions are kept constant the current will not 
change, .showing that the radiations do not change with time. 
This will he found to he .still true, even if the test is extended 
over many months. 

Current in. Different fm.o’.?. - Make another ionization 
chamher on the .same principle as the one .simwu in h'ig. 50, 
hut instead of the enclosing va-ssel heing a rectangular box 
make it of a brass cyliiulcr about 15 cm. in diameter ami the 
same height. 'Phe two emls may he Pitted and (hen all the 
joints made ga.s-tiglU with wax. 'Phe uranium oxide may 
he placed on the plate (' from the top and then the lop plate 
which .supports D put in place and waxed. 'Pile plates C and 
D should he about 3 or 4 cm. apart. Such a vessel may he 
filled with any gas and the cnrrenl in it measured, h'ill this 
vessel with any ga.ses which may he available in turn, and 
mca.sure the .saturation current in each gas at atmospheric 
pressure and compare them. As in the case of kihitgen rays 
it will be found that the current depends very much upon the 
nature of the gas. 

Conclusions.--ThQ results of these experiments ah mg with 
others which might be performed on uranium and its com- 
pounds show that the uranium emits spontaneously a radia- 
tion without the aid of any outside agency which ionizes a gas 
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in a manner similar to other ionizing agents already studied. 
This radiation belongs to the uranium itself and not to the sub- 
stances with which it is associated. It depends upon the 
amount of uranium present in the compound and it does not 
deteriorate with time. Uranium and other bodies, which we 
shall sec later possess similar properties, are called radio- 
active bodies and this form of radiation is called radio-activity. 
This term in its strict application is applied only to such bodies 
as are naturally and permanently radio-active, that is, which 
spontaneously emit such radiations, and not to such substances 
as may acepure this property tcm])orarily by the action upon 
them of some outside agency. 

87. Other Radio-active Substances. Thorium . — The dis- 
covery of the radio-activity of uranium naturally led to the 
examination of other substances to ascertain if any of them 
possessed similar properties. The clement thorium and its 
compounds were found to possess radio-active properties, the 
photographic action being however weaker than that of ura- 
nium, while the ionizing jyower was about ecpial to that of 
uranium. 

Mme. Curie then undertook a very .sy.stcmatic examination 
of a large number of mineral compounds containing uranium 
and thorium. Using the electrical method of examination she 
measured the current jiroduced between two parallel plates by 
a given amount of each of the minerals. The results showed 
that all these minerals containing thorium or uranium were 
radio-active, but the most important point observed was that 
several .specimens of pitch-blende (uraninitc), as well as other 
minerals, were several times more active than uranium itself. 
Now if uranium be mixed with an inactive substance the ac- 
tivity will be less than that of the uranium alone, owing to the 
fact that some of the rays are alxsorbed by the material with 
which the uranium is mixed. It was at first thought that this 
abnormal activity of some of the minerals might be due to the 
particular chemical combination in which the uranium existed, 
but this was dis])rovcd by prc])aring one of these compounds 
artificially, when it was found to possess only the normal 
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amount of activity which would he expected from the amount 
of uranium it contained. This led to the conclusion that there 
must be some other and more active substance in pitchblende. 
M. and Mme. Curie investigated this (piestion chemically and 
found two new active bodies. 

Polonium . — The first of these substances to l)e separated by 
purely chemical means is much more active than uranium and 
differs from it in the essential particular that its activity is not 
constant but gradually dies away with time. It also differs 
from the other radio-active substances in the nature of the 
radiations given out, which will be discussed later. To this 
substance the name polonium was given. 

Radium . — The other active substance discovered in pitch- 
blende is enormously more active than uranium. In its pure 
state it is about a million times more active and conseciuently 
was given the name radium by the discoverers. Radium is 
probably the most remarkable and interesting of all the radio- 
active substances, and by the .study of its properties an enor- 
mous amount of information has been obtained in regard to 
the most remarkable processes going on in nature in connec- 
tion with these radio-active hodie.s. 

The quantity of radium existing in pitchblende is almost 
infinitesimal, about a ton of pitchblende containing only a few 
milligrams of radium. The chemical properties of radium are 
similar to those of barium and it is separated from the mineral 
pitchblende by the same process as is used in the separation 
of barium. 

Radium is found in varying quantities in a number of min- 
erals and in various parts of the world, but the chief source 
at present known is in the pitchblende found in Bohemia. 

In practice radium is not separated from the compound, but 
is usually made use of in the form of radium bromide, and 
what is often called pure radium is usually pure radium bro- 
mide. It also forms other compounds such as the chloride, 
sulphate, etc. 

The method by which radium and polonium were discovered 
marks a great advance in the methods of analy.si.s and of de- 
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tccting the presence of new bodies, for it was purely by their 
radio-active properties that these substances were discovered. 
They were entirely unknown before, and being in such minute 
quantities they might have continued to escape detection for a 
very long time, but their intense radio-active properties indi- 
cated' their presence and then it was possible to attack them 
by chemical methods and separate them. This is very analo- 
gous to the methods used in spectimm analysis. 

Actinium . — Not long after the discovery of radium another 
sulistance was found in some of the residues from pitchblende 
to which the name actinium was given. The pi'opcrties of 
actinium are very similar to those of thorium, but the former 
is very much more active than the latter. 

88. Current Produced by Other Radio-active Substances. — 
Obtain small ((uantities of thorium, actinium and radium coni- 
])ounds. Radium is obtainable only in very small quantities 
and is very expensive, but the other substances can be obtained 
in somewhat larger ({uantities. In a thick lead or brass plate 
cut a groove about 2 nun. deep by 5 mm. wide and 20 mm. long. 
In this ])lace the s])eciinen of radium. Over this, and flat on 
the {)late, place a thin sheet of mica as thin as is obtainable and 
carefully wax the edges down so as to be gas-tight. This 
{)recaution must be taken to prevent the escape of the gaseous 
emanation (see Chaj)ter XIII), which is continually being 
given off by the radium. I’lace this i)late in the place of C 
(h'ig. 50), and with a distance of about 2 cm. between the 
{dates measure the ionization current {)roduced. Determine 
the current-voltage curve for the specimen. 

Make similar receptacles for holding the thorium and the 
actinium com{)oun(ls, but these may be made larger as 
these substances may be obtained in larger quantities. These 
should be carefully sealed u{) also to prevent escape of gaseous 
emanatiems. Measure the current produced by these speci- 
mens also and determine the current-voltage curve in each case. 

Com{)arc the saturation currents produced by cc{ual weights 
of these difTerent s|)ecimens with that produced by the same 
weight of uranium. Measure the activity of any other samples 
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obtainable such as pilcliblende, etc., and compare them all 
with a given ecpial weight of uranium. 

89. Steady Deflection Method of Measuring Ionization 
Currents. — With this amount of data in regard to radio- 
activity at our disposal another and very useful method of 
measuring ionization currents may he introduced with advan- 
tage at this stage. The ordinary method of measuring ioniza- 
tion currents by the rate of movement of the i‘h'ctronu'ter 
needle, which we have u.sed up to the presiml, depends upon 
certain conditions being fuHilled and in some cases possesses 
certain disadvantages. In order tliat tlu- rale of movement 
of the needle may be proporlitmal to the ionization current the 
capacity of the system must remain constant. If the current 
increases to a great e.xtent the rale of moveinenl becomes too 
rapid to be measured with accuracy and Ihe capacity has to be 
increased to diminish this rapi<l rate of movement to a readable 
amount. This involve.s a compari.sou of capacities which is 
generally a troublesome task. .Again the rale of juovement 
method reepures considerable time to make tlu* observations, 
and therefore in some measurements when rapid changes are 
taking place it is practically useless. .A steady detlection 
method has been developed by llron.son wliich overcomes these 
difficulties and has jiroved very .satisfactory in practice. 

Theory of Method.— ]^ the air between two jdales , / ami /^ 
(Fig. 50 (a)), connected respectively to a hallcn-y atid an 
electrometer in the usual manner, be ionized by a raditi active 
body placed on A the electrometer will continue to charge up 
and the deflection of the needle increase in [)niportion to the 
voltage to which the ([uadranls become charged. I f the pair 
of quadrants connected to li he connected to earth through 
a very large resistance R, then .some of the charge received by 
the quadrants will leak to earth through this re.siNtance. 1'he 
quadrants will therefore continue to charge up and the de- 
flection of the needle increase until the rate of supply of elec- 
tricity to the quadrants is equal to the loss through the resist- 
ance, that is, the current through the resistance R is e(|ual to 
the ionization current between the plates A and /h When this 
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stage is reached the deflection of the needle will remain con- 
stant since the potential of the quadrants remains steady. If 
the high resistance R obeys Ohm’s law the current through R 
will he proportional to the potential of the quadrants, and 
therefore to the deflection of the needle since the deflection 
is ])roportional to the potential. Therefore since the current 
through R and the ionization current are equal this deflection 
will he proportional to the ionization current. 

Since the ionization current.s are usually so extremely small 
and the current through R is tlie same as the ionization cur- 
rent the resistance R, as will he seen from the following 
sim])le calculation, will have to he very large. Take as an 
example the typical case cited in §20. The current to be 
measured is (}.2 X 10 amjx'rc. Suppose that a steady de- 
flection of TOO scale divisions is desired. This corresponds 
to a rise of potential of /, of a volt in this case and therefore 
the resistance R re(iuired will be ^•;-(9.2X which 

eciuals a resistance of 180,000 megohms. Ordinary liquid or 
carbon resistances of this order of magnitude are not sativS- 
faclory for this purpose, as they are .somewhat unreliable. 
What may be termed an air resi.stancc has been found to be 
mo.st suitable. This consists of two parallel plates C and D 
( b'ig. 50 {a)) in air, on the lower one of which there is placed a 
layer of radio-active material and the connection.s made as shown 
in the diagram. 'I'he charge received by the plate B and the 
electrometer system of which C is a part leaks away to earth 
through the air between the plates C and D in conse((ucnce of 
the conductivity of this ionized air and when the rate of loss 
is ecpial to the rate of supply a steady deflection will re.sult. 
Such an air resistance obeys Ohm’s law over a considerable 
range for the potential ac(iuiretl by the plate C is small, being 
usually only a fraction of a volt and therefore below the satu- 
ration voltage. The current between C and D being thus below 
saturation will corres])ond to the steep part of the current 
voltage curve (log. 32), in which the current is proportional 
to the potential. 'Phe steady deflection being proportional to 
the potential will therefore he proportional to the current. 
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Calibration.—Thh prop(ulu)n:iUly should hu carefully tested 
and the range on the scale detcn'iiiiiu'd itvcr which it holds true 
for any particular settiug of the scale. This may he done by 
placing a constant source of ionixation such as uranium oxide 



on the plate. A (Fig. 50a) and applying small known vol- 
tages much below the saluraliou vollage wlu're the current 
between AB is known to be proportional to the voltage and 
observing the steady dellection. 'Phe test can he carried 
further for greater deflections by testing several small speci- 
mens of uranium oxide on the plate . 1 , first separately and 
then in groups, the .sum of the currents for the separate s[)eci- 
mens being ecpial to the current for these speeimeus tested 
in groups. 

If a straight scale he used the reading on the .scale will of 
course not be proportional to the angle of deflection beyond an 
angle of a certain magnitude, hut the jiroportioual reading may 
be extended over a greater range by fixing the scale on a .suit- 
able support, .so that instead of being exactly perpendicular to 
the line joining its central point to tlu* electrometer needle 
it may be turned at a small angle to the perjiendienlar posi- 
tion, and it may even be bent to a slight curve to ajiproach the 
circular form. These atljuslnients have to be macle by trial 
in each particular setting. 

Standard . — -The plates C and /) should Ik* matle as nearly as 
possible identical, for on account of the contact di (Terence of 
potential between the plates due to any difTerenre in their sur- 
face the needle will show a small steady deflection even when 
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there is no radio-active matter between A and,^. This may be 
eliminated to a great extent by making the- sniff, aces as nearly 
alike as possible as regards material, etc. 

The radio-active material on the plate £) used by^ .Bronson 
in his early investigations of this nlediodvwas fadio-tellnriiim 
obtained as a coating on a bismuth ;^ate prepared ‘by the 
method of Marckwald. This plate was covered by ,a 'very jthin 
sheet of aluminium foil and the plate C made of aluniinium to 
eliminate the effect of any contact difference of potential: The 
plates C and D should be enclosed in a sealed vessel so as to 
keep them from any outside disturbing inlluenccs. Radium or 
other constant sources of radiation contained along with the 
plates in a sealed vessel may however be used. To be satis- 
factory they must remain perfectly constant. 

Advaniaijes of Syslciii . — This system of measuring ioniza- 
tion currents has several advantages over the rate of move- 
ment method. ( )ne decided advantage is the rapidity with 
which measurements can lie made. The needle takes up its 
steady position raiiidly and one docs not have to wait on the 
long time of swing and the return to zero after each ob- 
servation, or even the time rcc(uircd to pass over a given 
distance to determine the time rate. Any change in the 
current is rai)idly indicated by the needle taking up a new 
steady position. Readings have been taken under some cir- 
cumstances a.s (luickly as once every five seconds. This is 
of great advantage in measuring rapid changes of activity 
such a.s will be discussed later. The readings may also be 
taken over a large range of currents without altering the 
sensitiveness of the electrometer and without any alteration of 
capacity of the .system, for in this method the deflection is 
independent of the capacity. The potential of the electrometer 
system in this method is not continually increasing at a time 
rate due to a constant suiiply of electricity as in the rate 
method, but the electrometer system constitutes one point in 
what is practically a continuous closed circuit and when the 
rate of supply is ctpial to the lo.ss the potential of this point is 
constant and independent of the capacity. The needle there- 
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fore takes up a steady position clue to the steady dilTercncc of 
potential between the (piadraiits. C,V)iise([uenlly comparative 
measurements of current by this method do not recpiire any 
determination of capacities, even lhou{>:h the capacities may 
be changed. 



CHAPTER IX. 


COMPLEXITY OF RADIATIONS. 

90. Absorption of Rays from Uranium by Solid Bodies. — 

In the ionization chamber (Fig. 50) place the plates B and C 
ahont 2 cm. apart and on C place in the usual way a thin layer, 
of not more than 0.5 mm., of uranium oxide. Measure the 
saturation current liy the electrometer. Then place a thin sheet 
of aluminium foil, not more than .0005 cm. in thickness, over 
the oxide and measure the saturation current again. Over 
this place a second sheet of foil of the same thickness and 
again measure the current. Repeat this, adding a sheet at a 
time until ten or a dozen sheets have been added. (Observe 
that for the first four or five .sheets (the number will depend 
upon the thickness’'* of the foil used) the .saturation current, 
which is a measure of the intensity of the radiation, falls off 
rapidly in a geometrical progression with the increase in the 
numlicr of sheets, that is, according to an ordinary absorption 
law for any sort of radiation in general. When -about four 
or five sheets have been added the intensity will have been 
reduced to probably about one twentieth of the original value, 
while the addition of the others produces a very slight effect, 
if any, in reducing the intensity of the radiations. After about 
four or five it recjuires a comparatively large number of sheets 
to produce much effect in this regard. It will be found that 
it will reciuire probably from seventy-five to one hundred thick- 
nesses of foil to reduce the intensity of the remaining radia- 
tion to half its value. These numbers that are given are of 
course only a]>proximate to serve as a guide and will depend 
upon the exact thickness of foil, etc. 

These results indicate that the radiations given off by 

*Tlie thickiic.s.s may be determined very approximately by cutting 
exact squares of foil of known area and weighing a given number of 
them and, knowing the density, the thickne.s.s may be determined. 
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itranium iinist be complex, consistinp: of at least two types of 
rays, one of which is capable of passinj^ thronp:h only a small 
thickness of aluminium foil, while the other type is much more 
penetrating. The first type, or easily a 1 )sorl)al)le rays, have 
been given the name a rays, while the more penetrating type 
arc called ^ rays. The a rays are completely cut off by a 
thickness of about .002 cm. of aluminium and consecpiently 
after this thickness is placed over the uranium only the p rays 
get through. 

Using the same thin layer of uranium oxide cut off all the 
a rays by a sheet of aluminium about .cxu cm. thick and then 
further test the absorption of the rays by adding increasing 
thicknesses of aluminium foil until the /i rays are completely 
cut off and note carefully the decrease of ioni/ation current 
with increase of thickness of absorbing material. Note that 
it requires a very much greater thickness of aluminium to com- 
pletely cut off the fi rays than it does to absorb the a rays. 

From these measurements it will be seen that by far the 
greater portion of the total ionization produced by the radia- 
tions from uranium is produced by the a ra)'S, for before any 
aluminium is introduced the ionization is produced by the 
joint action of the a and ft rays and we have seen that only 
about five thicknesses of aluminium foil completely cut off the 
a rays but have little effect on the ft rays, and when the a rays 
are completely absorbed and only the ft rays are acting tin* 
total ionization is reduced to a small fraction of the original 
when both a and ft rays were acting. This will he discussed 
a little more fully in the following chapter. 

Obtain a large quantity of uranium oxide, as much a.s 75 or 
100 grams if possible. Make a receptacle for it in a metal 
block so that it may cover an area of about 20 or 25 sfi. 
cm. and deep enough to hold the quantity available. Measure 
the ionization current produced by the radiations from this in 
the manner described above. Test both the a and tlie ft radia- 
tion. Add sheets of tinfoil until both the a and ft rays are 
completely cut off and the electrometer will then show prac- 
tically no ionization unless it is extremely sensitive. Now set 
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up a gold leaf electroscope of the type shown in Fig. 14. 
Measure its rate of leak due to the natural ionization of the 
air (see Chapter XVT). Place underneath the electroscope 
the specimen of uranium oxide covered with the tinfoil and 
observe that although the electrometer showed no ionization 
in tlie ionization chamber the electroscope shows a considerable 
rate of leak, indicating that a radiation of some sort has pene- 
trated the tinfoil and is ionizing the air in the electroscope. 
The delicate electroscope detects this weak ionization, while 
the electrometer may not be .sufficiently sensitive to do so. 
Measure this rate of leak and, subtracting the natural rate of 
leak of the electroscope, the rate of leak due to this radiation is 
olhained. Now add thin .sheets of lead, al)out 0.5 mm. thick, 
one sheet at a time, and after adding each one measure the rate 
of leak, that is the ionization, and observe that the radiation 
is gradually cut down in intensity by the addition of the lead, 
but that it requires a thickness of a centimeter or more of 
lead to completely cut off this radiation. 

These results indicate that in addition to the a and /? rays 
given off by the uranium there is an extremely penetrating 
radiation emitted which will pass through a considerable thick- 
ness of a very dense substance like lead and which produces 
ionization of a very weak character compared with that pro- 
duced by either the n or ^ rays. These very penetrating rays 
are cidled y rays. 'Phe radiation emitted by uranium is there- 
fore complex, consisting of three types of rays differing very 
much from one another in penetrating power. 

91. Rays from Thorium and Radium. — Using specimens of 
thorium oxide and of radium bromide repeat the experiments 
of the last section on the a and ^ rays. As in the case of 
uranium use a comparatively thin layer of each specimen. The 
ionization eliamher of Fig. 50 will have to be modified slightly 
to suit these experimeiUs as tlie.se substances continuously give 
off gaseous emanations (Cha]iler XIIT), which produce ioniza- 
tion, independent of that prodneecl by the ordinary rays emitted 
by the lliorium or radium. To avoid this complication the 
emanation must be removed. To do this introduce an inlet 
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tube about 8 lum. in diaineU'r in the upper part of the side AM, 
and two or three outlet tubes in llie side /bV, distrilmted over 
the ])art opposite the space lielween the plates. C'ouneet these 
outlet tubes in parallel to a single tulie leading to a water 
exhaust pump or other as])irat()r .so as to draw a slow steady 
current of air through the vessel. As this emanation is carried 
out through the water pump special precaution must be 
taken to prevent the escape of any of this emanation into the 
room. The discharge water and accompanying air from the 
water pump should therefore he led o(T by a special lube to 
the air outside the building. If this pia'caulion is neglected 
the room will become permanently contaminatcsl by this emana- 
tion so that after a short time the room and contents will 
become radio-active and no accurate work of this kind can 
be carried on in it. 'I'lic nature and action of these emana- 
tions will be discu.ssed more in detail in a latc'r chaptc-r. 

The results of the experiments inenlionecl at the beginning 
of this paragraph will .show that both thorhnn and radium 
compounds emit a and fi rays of a similar nature to those 
emitted by uranium. 

Using a large ([uautily, alKiut 75 or kki grams, of thorium 
oxide repeat the experiments of the last section on the y rays 
and note that thorium also gives olT the penetrating y rays. 
The same experiments .should be performed witli radium bro- 
mide, but in this case a large (plant ity of radium is not neces- 
sary even if it were available, as these penetrating y rays may 
quite easily be detected by using only a comparatively small 
quantity of radium. This is due to the fact that radium is .so 
very much more .strongly radio-active, weight for weight, than 
either uranium or thorium. If only a thin layer of the two 
latter substances be used only a very small amount of y rays 
are emitted and the ionisation iirodnced is very weak, as the 
y rays are not strong ionizers. Hut if a large (piantity be used 
in a thick layer, then, since the y rays are very penetrating, 
those from the lower portions of the thiek layer are able to 
pass up through the material without being absorbed to any 
great extent, By thus increasing the thickness of tlie layer 
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the quantity of 7 rays is increased practically in proportion to 
the thickness of the layer up to a certain limit, and therefore 
the ionization is increased sufficiently to be detected. In the 
case of radium however it is so strongly radio-active that even 
a thin layer emits a suflicieut quantity of 7 rays to be detected. 

92. Magnetic Deflection of fS Rays. — The discovery in the 
year 1899 that some of the radiations from radio-active bodies 
could be deviated by a magnetic field caused a considerable 
advance in the differentiation of these rays and the determina- 
tion of their true nature. It was found that the /? rays emitted 
by the various radio-active sub.stanccs were affected by a 
magnetic field in a manner similar to that in which cathode 
rays arc affected by a e<irresponding field. This may be shown 
very conveniently in the following manner; Place a small 
quantity of radium bromide on a thick lead block A (Fig, 51), 
between two parallel thick lead plates BD, which should be 
about 4 cm. high and 2 cm. wide 
and about 0.5 cm. apart. Above 
these lead ])lates idace two insu- 
lated metal plates the same 

distance a])art as the lead i)latcs 
and about 7 cm. high and 5 cm. 
wide. The rays from the radium 
ionize the gas between the jdates 
and the presence of the rays be- 
tween these ])lates may be detected 
by measuring the ionization current 
between P and P'. Place this 

arrangement between the poles of a strong electro-magnet 
so that the magnet field may be applied perpendicularly 
to the plane of the paper, that is, parallel to the plane of 
the plates BB. The dotted line in the diagram represents the 
outline of the pole-pieces of the magnet. A slow current of 
air vshonld be drawn through the space between the plates BB 
to prevent the emanation from diffusing upward between the 
plates P and Ph Measure the saturation current between P 
and P\ This will be almost wholly due to the a and rays a^s 
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the ionization dne to llie y niys is so small for a thin laver 
•of material that it is iu'},di}i[il)le in comiiarison with that due 
to the a and fi rays. I’lare a sheel of ahmiiniinii .01 eiu. Iliirk 
over the layer of active material to cut ofT all the a rays. 
Then nieasnre the ionizalion current due to the rays alone. 
With the aluminium .sheet still coveriiijj;' tlu' radium apply a 
fairly stroiif^ ma^^netic field and nu’asure the ionization current. 
Okserve that under the inlluence of the maj^iietic held it is 
reduced. Tncrea.se the slreujJt'th of the mai^iietic field and attain 
measure the current between /’ and /*' and note a further 
reduction of the current. If the held is matle suniciently 
strong it .should he ])o.s.sihIe to reduce the current almost to 
zero if not entirely so. 

These experiments indicate that tlu* [i ra\s are dellceted hy 
the magnetic field, .so that they .strike the plates before they 
escape from between them, and consequently clo not reach the 
space between P and P'. A weak magiu'tic field does not 
deflect them .sufficiently, and therefore .some of the rays esca]K' 
beyond the plates lUi, but the stronger the field the fewer the 
number that escape. 

This deflection of the fi rays points to the conclusion that 
the rays carry an electric charge. It is of importance to de- 
termine whether this charge is positive or negative, 'fliis may 
be easily determined in the following manner; I’lace a small 
quantity of radium bromide at the boltoin of a narrow groove 
between two Ibick lead plates PP, as .shown in h'ig. 52, and 
cover it with the aluminium foil to cut olT the a rays, 'fliis 
groove should be about 3 cm, deep, 1 mm. iu width ami r cm, in 
length so as to obtain a narrow and sharply ilefmed beam of 
rays. About 6 cm. above the groove place horizontally a small 
photographic plate C, film .side downwards, 'fliis jdate .shonld 
not be more than 2 cm, square. Adjust this plate so that a 
definite marked point on it is vertically above the groove. 
Place the poles of an electromagnet to cover the dotted area 
NN so that the field may be perpendicular to the jilane of the 
paper. This apparatus should either lie placed in a per- 
fectly dark room or the photographic plate and groove covered 
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with an opacjnc metal tube to exclude all light to prevent the 
plate C becoming fogged. Before applying the magnetic field 
allow the beam of rays to act on the plate for about thirty 
minutes. Then apply a magnetic field of about 300 or 400 
units per square centimeter in a known 
direction and allow the rays to act 
again for about thirty minutes. Re- 
move the plate and develop it in the 
ordinary way, markiTig, before removab 
the exact position it occupied relatively 
to the rest of the a])paratus. When de- 
veloped there should be two dark bands 
on the plate, one of which is due to the 
action of the rays before deflection and 
the other due to the action after de- 
flection. The ]io.sition of the latter with regard to the former 
will show the direction in which the rays were deflected. This 
direction .should l)e the same as the direction in which a stream 
of cathode rays would be deflected under the action of the same 
field. 'I'his shows that the charge carried by the p rays must 
be a negative charge. 

93. Magnetic Deflection of a Rays.—Onc way in which the 
a rays were early distinguished from the ^ rays was that the 
latter were easily deviated by a magnetic field while the former 
were ai)parently unalTccted by such a field. The true nature of 
the a rays was not known for some time after the nature of the 
fi rays had been determined. It was finally suggested as a 
result of some indirect experimental evidence that the a rays 
were positively charged j)arlicle.s emitted with great velocity. 
To test the truth of this suggestion the crucial experiment, of 
course, w.'is to try to bend the rays by a magnetic field. The 
first one to succeed in doing this wa.s Rutherford, who used the 
following method ; 'The apparatus nece.s.sary for the experiment 
is shown in log. 53. Place a gold leaf electroscope A of the 
usual form, of about to cm. square, on a heavy lead plate BB, 
in which an opening ab is cut. This opening should be cov- 
ered by a very thin sheet of aluminium foil not more than .0003 
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cm. in thickne.'As. I’clnw ibis is a scl of twenty five parallel 
brass plates SS, wliose planes are perpemlieular to the ])laiic of 
the paper. Make these plates i nun. tliiek, 3.5 eiii. in height 
and I cm. in width. 'They .sluudd he equally spaeeil apart at 
a distance of .05 cm. 'I’lus is dune by cutting grottves etpial 
distances a])art in two side plates as in (’ aiul P, into which 
the brass plates are slipped. In the vessel below these 
plates ])lacc a layer of strongly aetivi* radium bromide. 'Phe 
rays from the radium bnHuide jiass up thnuigh the slits be- 
tween the plates and ioniae the gas in the eleetroseope. 'The 
emanation arising from the radium must be renutved or else it 
will produce ionization in the electroscope and mask the real 
effect to be ob.served. 'Phis may be done by passing a eon- 



tinuoiis stream of dry hydrogen downwards through tlie elec- 
troscope and the porous aluminium foil anti then tlmough the 
outlet IL The use of hydrogen instead of air has a great 
advantage owing to the fact that the n rays are rdisorbed to a 
much less extent in hydrogen tlian in air, and therefore they 
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are able when they reach the electroscope to produce greater 
effects than if they had passed through air. Hydrogen is pref- 
erable also because the effect of the j 3 and y rays in the elec- 
troscope is less in hydrogen than in air. 

Place the part of the ap])aratus MNOP between the poles of 
as powerful an electroniaguct as is available so that the mag- 
netic field is parallel to the plane of the plates, that is, perpen- 
dicular to the plane of the paper in the diagram. The strength 
of this field should he at least 8oqo units and greater if pos- 
sible. Set the stream of hydrogen flowing steadily and per- 
form the following cxperinients : (i) Measure the ionization 
in A, when no magnetic field is acting, by observing the rate of 
discharge of the gold leaf system in the usual manner. (2) 
Cover the radium with a sheet of aluminium or mica .01 cm. 
thick to ahsorh all the a rays, and then measure the rate of dis- 
charge of the electroscope. The first observation gives the 
rate of discharge due to all three types of rays, namely, the 
a, ^ and y rays, and the second observation gives the rate of 
discharge due to the fi and y rays alone. Therefore the dif- 
ference shows the effect due to the a rays alone. The a rays 
will be found to prenluce by far the greater amount of ioniza- 
tion, that due to the (i and y rays being only a small fraction 
of the total. (3) Remove the sheet of aluminium or mica cov- 
ering the radium and apply the magnetic field and observe the 
rate of discharge in the electroscope and note that it is much 
less than in observation (i), the decrease being very much 
more than would he due to the cutting off of the ^ rays by 
deflection and therefore must he due to the cutting off of a 
large proportion of the a rays as well. (4) This may be 
.shown by making another oh.servation. Cover the radium 
again with aluminium .sheet to absorb the a rays and apply 
the magnetic field and observe the rale of discharge and note 
that it is .slightly less than in observation (2). The difference 
between (2) and (4) indicates the cutting off of the /? rays 
1 )y the field. This decrease is much le.s.s than the total differ- 
ence between (1) and (3), showing that a large part of the 
difference between (i) and (3) i.s due to the deviation of the 
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a rays by the magnetic field. If the strength of field can be 
increased the clitTerence between tlie rates of discharge in (i) 
and (3) may be increased, showing that the stronger the. field 
the more rays are deflected. 

These experiments show (hat the a rays can bc' delleeted l)y 
a magnetic field, but it reipdres a very pt)werful field to pro- 
duce appreciable delleclions, ami it is for this reason that the 
d rays were so long considered non (leviable. 'Phis deviability 
of the rays indicates that (bey carry an electric cliarge, and 
as in the ca.se of the rays it is (d‘ importance to determine 
the sign of this charge. 'Phis may be dtme in (be following 
manner: Arrange another set of plates with slits between them 
similar to those n.sed in tlic last experiments, only make the 
spaces between the plates i mm. each instead of 0.5 mm. In a 
brass plate about i mm. thick ent slits exactly tlie same width 
and exactly corre.sponding to tlu' .slits between the parallel 
plates and place thi.s jdatc over (he vertical plates and slits 
so that the brass plate covers a little over the half (d the slits 
between the plates as shown on an enlarged sc.ale in b'ig. 
54. If the magnetic field is not ([uite strong enough to 
deviate all the a rays, then if the devia- 



tion is in the direction from cl to /I 
more rays will escape throngh the slits 
than if the deviation is in the direction 
B to A. Apply the magnetic field finsl' 
ill one direction and then in the opposite 
one and observe the rate of discharge in 
each case. This will show whether the 
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A when the field is applied in a given 
direction. Observe this carefully and note that the a rays are 
bent in the opposite direction to that in wliich tlu- fi rays would 
be bent by the same field. Since the ^ rays are negatively 
charged the a rays must therefore be positively charged. 

94. Electrostatic Deflection of the Rays. Since the mag- 
netic deflection of the p rays indicates that they carry a nega- 
tive charge, it should be possible to deflect them also by means 


ELECTROSTATIC DEFLECTION OF RAYS 


151 

of an electrostatic field. This electrostatic deflection may be 
observed by the photographic method similar to that used in 
the case of the magnetic deflection (§92). Place the radium 
bromide in the groove formed by the two lead plates (Fig. 52) 
to obtain a narrow beam of rays. Cut off the a rays by cov- 
ering the radium with the usual sheet of aluminium. Between 
the photograi)hic ])lace C and the groove place two metal plates 
parallel to each other and to the plane of the groove contain- 
ing the radium. 'These plates should be about 4 cm. high and 
2 cm. wide, and i cm. apart. 

Before applying the electric field allow the fi rays to fall 
upon the photographic ]flate for al)out thirty minutes to indi- 
cate the undellectcd direction of the ray.s. Then evStal)lIsh a 
difference of potential of several hundred volts between the 
plates and allow the rays to fall upon the photographic plate 
for the same time, 'i'hen develt)p the plate and observe that 
the impression produced by the deflected beam is towards the 
positive plate. As in the case of the magnetic deflection this 
indicates that the rays carry a negative charge. 

The a rays may also be deflected by an electrostatic field, 
using an arrangement similar to that used for the magnetic 
deflection (§03), but in this case the parallel plates forming 
the. slits ( lug. 53 ) must be held l)y ebonite side pieces C and D 
instead of metal to insulate them. 'Alternate plates should be 
connected together and a large difference of potential estab- 
lished between the two sets. This experiment is somewhat 
difficult to carry out, for it re(|uires a very intense electric field 
to produce an appreciable deflection and the potential suffi- 
cient to produce a large deviation will cause a spark to pass 
between the itlates which arc .so close together. Another 
method by which much greater effects are produced will be 
described in a later chaj)ler {§ 1 10). The re.sults of the elec- 
trostatic deflection of the a rays point to the same conclusion 
as the magnetic deflection does, namely, that the a rays carry 
a positive charge. 

'I'he y rays differ from both the a and (3 rays in this matter 
of deviation. As yet no deflection whatever by either a mag- 
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nctic or an electric field has been observed in Ibe case of the 
y rays. They do not appear to carry any char^jje, as far a.s is 
at present known. 

95. Conclusions.*~“We may conclude then from the results 
of these cxperimenl.s that there are three delinite and distinct 
types of rays emitted by radio-active substances. 'I'he a rays 
are very easily absorbed on jmssinf^ thron^'h solids and they are 
positively charg-ed particles nmving^ with a high velocity. 'Phis 
high velocity is indicated by the fact of the very intense mag- 
netic or electrostatic field rccinired to dellect them. 'The /i rays 
arc very much more penetrating than the a rays and they are. 
negatively charged particles einitteil with comparatively high 
velocity. The third type, or y rays, are extremely penetrating, 
rcqidring large thicknes.ses of solids to absorb them. No indi- 
cations that they posse.s.s an electric charge has ever beem 
olxscrvecl. The four radio-active sniistances nraninm, thorinm, 
radium and actinium under normal conditions give out all three 
types of rays. I’oloniiim however gives out only a rays. 
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(II'.NI'.RAT. PROIM-.RTH'S 01-' RADIATIONS. 

96. Methods of Differ entiation.™To thoroughly investigate 
lhc.se rays and to (lirferentiate one type from another there are 
(lilTereiit methods of attack. There are in general live distinct 
])roperties, some of which wc have already observed, which 
furnish tests that may he applied to distinguish the different 
rays from one another as follows: (i) Their penetrability or 
power of passing through different substances; (2) the ease 
with which they may ])e deviated by a magnetic or electric field; 
(3) their power of ioni^'.ing gases; (4) their power of affect- 
ing a photographic plate; (5) their power of producing phos- 
phorescence. 

These properties are nf)t all possessed by the different kinds 
of rays, but the presence or absence of them or the degree to 
which they are present furni.sh tests by which the rays may be 
detected and dilTerentiated. Tn general the rays which pro- 
duce the greatest photographic action produce the least ioniza- 
tion. Also the more ])enetrating the rays the less efficient are 
they as ionizers. It is very difficult to make definite quantita- 
tive measurements on the relative intensity of the three types 
of rays, whether we use their ionizing power, their action on 
a pholf)grai)hic plate or their pro.sphorescent action. For in 
each of these methods the proportion of the rays absorbed and 
transformed into the energy of ionization, or photographic or 
])hosphorescent energy is clifTerent for each type of rays in 
each case, and only a ])ortion of the energy is transfonned into 
the form of energy used to detect the rays. 

Another difficulty arises from the fact that the three types 
of rays arc usually emitted .simultaneou.sly and it is difficult to 
isolate one ty|)e from the others. In most cases however fairly 
approximate tlelerminations can be made. 

97. Comparison of Ionization Produced by ct, ^ and y Rays. 
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— The a rays arc niiidi more cfliciont ionizers than either 
the /? or y rays. When all three types of rays are acting 
simiiltanconsly on a gas hy far the greater i)art of the ioniza- 
tion is cine to the. a rays, .'i'he y rays are innch less power- 
ful ionizers than the ji rays. A very appro.ximafe idea of 
the relative ionizing jiowers of these rays may he obtained 
hy the Tdlowing method; In a lead hloek not more than () cm. 
long cut a rectangnlar groove ahont .|, cm. long, 0.5 cm. wide 
and 2 cm. deep. In the hottoin of this place a thin layer of 
radium bromide. Abo.nl 0.5 cm. above this groove and parallel 
to it place two parallel metal plates in a vertical plane about 
2 cm. apart. I'he.se plates .should be about fi cm. high and 
5 cm. wide. Ta.ss a .slow steady .stream of air over the top 
of this groove to prevent the emanation from dillusing upward 
between the plates, 1‘lace the lead hlock ctinlainiiig the radium 
between the poles of a fairly powerful elt'clromagnet so that 
the field is parallel to the length of the groove. A])ply a mag- 
netic field sufficient to bend the p rays away, so that they may 
not reach the .space between the plates, but not strong enough 
to affect the a rays. 'J'his will allow only the a and y rays to 
ionize the gas between the plates. Measure the saturation 
ionization current thus produced by the a and y rays. 'Phe 
effect of the latter is practically inappreciable compared with 
the former. Now remove the magnetic field and cover the 
radium with a sheet of aluminium about .01 cm. thick to cut 
off all the a ray.s. The ^ and y rays will now ionize the gas. 
Measure the saturation current under these conditions, d'ho 
greater part of this ionization current is due to the fi rays. 
Now cover the radium with a thin sheet of lead about 2 mm. 
thick to cut off all the a and fi rays. Then measure the ioniza- 
tion current which will be due entirely to tlie y rays and will 
be very small, so much .so that the electrometer will retpiire 
to be very .sensitive to detect it. 'I'he difference between the 
current in the last case and that in the second will give the 
current due to the fi ray.s alone, while the difference between 
the last and the first will give the current produced hy the a 
rays alone. The relative amount of ionization produced by the 
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three types of rays under the same conditions may thus be com- 
])arc(l. Jt will he seen that the a rays produce several thou- 
sand times as much ionization as the y rays, while the p rays 
pro<luce ionization of the order of about one hundred times 
that of the y rays. 

If similar experiments are made, using- the other radio-active 
substances such as thorium or uranium, it will be found that 
the relative ionizing power of the three types of rays are in 
the same order as in the case of radium. It will be observed 
also that the fi rays emitted by cither thorium or uranium are 
very weak ionizers. 

lly modifying the ap])aralus slightly the relative ionization 
of the clitTerent types of rays may lie compared in different 
gases. An arrangement suitable for 
this is .shown in h'ig, 55. A is the lead 
block with the groove A cut in it as 
before, Tlie ])lales P and P between 
which the ionization is to be mea.surcd 
are contained in a brass tube MN about 
10 cm. high and b cm. diameter. Thc.se 
plates are supported by stout rods pass- 
ing out through ebonite insulators as 
shown, d'his enclosing tube should be 
made to lit closely on the Hat surface of the lead lilock and the 
joints made air-tight by waxing. For thc.se experiments use 
a sample of au active uranium .salt as uranium emits no emana- 
tion while the other active .sulhslanccs do. 

Place the uranium in the groove and then carefully wax 
down the tube / 1 /<V and place the lead block between the poles 
of the elect romagnel as before. Start with the vessel filled 
with air at atmospheric pressure, and, after bending the /? rays 
out of the way by the magnetic field, measure the ionization 
produced by the n rays. Fxhan.st the vessel and fill with other 
gases in turn and measure the ionization current due to the 
a rays in each ea.se. Now remove the magnetic field and also 
remove the vessel MM and cover the groove with the alumin- 
ium sheet to cut olT the a rays and replace, the vessel and rewax 
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the joint. Measure now the ionization produced hy the rays 
in the same gases as were used in (he case of tlu' a rays. Make 
a careful compari.son in eacli case and it will he found that the 
numbers representing the relative saturation currents pro- 
duced in the different ga.ses hy the a rays are not in exactly the 
same ratio as those rei)resenting the currents prodnci*d hy the 
(i rays, although they follow in (he .sanu' general order. 

If the uranium is covered hy a thin sheet of U-ad to cut oil 
both the a and fi rays it will he found that the ionization 
produced hy the y rays is very small in the various gases, and 
unless the electrometer is a very sensitive one they will have 
to he measured hy means of an electroscope. 

98. Photographic Action of the Raya.- Although the a rays 
arc much more active as ionizers than (he /i or y rays, when 
we come to study the action of the ditTerent types of rays on 
a photographic plate it is found that the /i rays arc much 
more active photographically than either the a or y rays. 
The y rays are also much less active photograiihically than even 
the a rays, and in the ca.se of the very weak y radiation from 
uranium and thorium practically no photographic. elTect has 
been found. In making experimenttd^ determinations on these 
radiations this dilTerenee between the ionizing and photo- 
graphic properties of the a and fi rays especially must he care- 
fully taken into account, for otherwise eontradietory results 
are very apt to he ohlained. 'fake as an in.slanet* a case when 
only one kind of rays are heing used, such as the a rays, for 
instance. If the ionization, or electrical, method of measure- 
ment is used ((uite a large efTeet may he observed from the 
active body, while if the pholf)graphic method of measurement 
is employed the effect may he very small or may even not he 
detected at all. If however the /J rays emitted hy the active 
body had been used just the reverse would have been ohservetl, 
for the photographic action would he comparatively strong, 
while the ionization effect would he comparatively weak. 

It is somewhat difficult to accurately eoiniiare the relative 
photographic action produced by the different types of rays, 
i; for in many cases the photographic plate mu.st he vvrainied in 
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black paper to cut off the phosphorescent light which is also 
given out by some of the radio-active bodies, and this paper 
will absorl) the a rays much more than it will the or y rays. 
Then in the case of uranium or thorium where the radiations 
arc comparatively weak it recjuires generally about a day’s 
exposure to produce an appreciable effect on the plate, and 
during this time other effects from extraneous sources are apt 
to occur unless very special precautions are taken. A very 
approximate comparison may be made by the following method : 
Place a specimen of radium bromide in the groove of a lead 
block similar to the one shown in Fig, 55. Wrap a photo- 
graphic ])late about 7 cm. sc|uare in a sheet of black paper to 
protect it from any light and place it horizontally, fdm down- 
wards, about 3 or 4 cm. above the lead block. The experiment 
should be done in a dark room. Bend the /3 rays out of the 
way in the usual manner and allow the a rays to fall upon the 
plate for about an hour or more. Now cover the radium with 
the usual absorbing sheet of aluminium to absorb the a rays 
and remove the magnetic field. Move the ])hotographic plate 
so that another portion of it is above the groove and exposed 
to the rays. Allow the rays to fall upon the plate for the 
same length of time as in the first instance. Again cover the 
radium witli the usual absorbing lead sheet to absorb the a 
and ^ rays and shift the plate again so as to expose another 
portion to the y rays. Allow the y rays alone to act for the 
same time as in the other cases. Remove the plate and develop 
it and compare the three impressioms made by the three types 
of rays. 'Phis eKi)eriment might be repeated for shorter times 
as well as longer times of exposure. 

''J'hc experiments .should he repeated u.siug samples of uran- 
ium and of thorium, d’he lime of exiK).snre with these siib- 
stance.s will retpiire to he very much longer to obtain any 
apprecialde effect. It will retpiire about a day’s exposure in 
each case. It will he found also tliat the y rays from uranium 
and thorium produce i>raclically no effect. 

99. Phosphorescent Action of the Rays.—The rays emitted 
by the different radio-active bodies cause certain substances 
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to phosplioresce wlicn the' niys fall upon tluaii. 'I'liis effect 
may be observed in the case of t[uile a larj^e munber (if sub- 
stances such as crystals of zinc sulphide, plalino cyanide of 
barium, diamond, lilhiinn, willemite, knn/.it(', etc. 'The various 
substances which sluiw this effect are not e<jimny alTeeled by 
the three ty])es of rays, b'or instance, zinc sulphi(h' is espe- 
cially sensitive to the action of the a rays, while the ])latino- 
cyanides of liarium or lilhiimi slutw (he effect of the y rays to 
a marked dej^ree. These phosplioi'eseent ettecls art* in some 
cases very brilliant, and they .serve as a very convenient means 
of detoctiiif; and observin}^ these radiations. 

Ill the case of .some of the phosphorescent htnlies there is a 
marked phenomenon shown by the n rays which is not shown 
by the ^ or y rays. When the a rays fall npt»n zinc sidphide, 

• for instance, it is hrilliantly ilhimiiiated, and if it be eKamined 
with a magnifying glass the illumination is found not to he uni- 
formly distributed, but to consist of bright seiiitillating points 
as though the z.inc suliihide were being homharded and a bright 
scintillation rCvSultcd from each impact, 'riie illmniuation pro- 
duced l)y the /? or y rays differs from (his in being uniform 
and continuous, and does not show these peenliar seiulillalions. 
This scintillating action i.s shown by llu* a rays emitted by 
practically all the radio-active bodies. Tin* phenomenon is 
most marked with zinc sulphide, hut it may also be nhserved 
with willemite and the platino-eyanide of potassiiim. 

On a sheet of thick white paper or very thin white eardboard 
dust a uniform layer of finely powdered crystalline z.inc. sul- 
phide. The cardboard should fir.st he coated with a thin coat- 
ing of paste to cause the sulphide crystals to adhere. In a dark 
room place the screen horizontally about 2 cm. above a speei- 
nien of radium. The screen should ai)i)ear l»rillianlly illumi- 
nated. Examine this illumination carefully with a magnifying 
glass and observe the bright fla.shcs or .sciiilillation.s. C.'(wer tlic 
radium with the usual ah.sorhing sheet of aluminium to cut otT 
all the a rays. Note that the illumination diminishes in in- 
tensity and not only that but no .scintillations are vi.sible, show- 
ing that a large part of the total illumination is due to the 
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a rays and also that the scintillatiiif^ action must be due to the 
action of the a rays. 

If the ^ rays he also cut ofT by an ah.sorhinpt metal sheet the 
pho.sphorescence produced by the 7 rays alone may be ob- 
served. Thi.s action will he found weaker tlian that of either 
the a or jS rays. A screen made of crystalline platino-cyanide 
of baritiin or lilhinm i.s ninch more .snitahle for .showing the 
phostdun-escent action of the y rays than tlie other phosphores- 
cent substances. 

100. Complexity of a and /I Rays from Radium. — When a 
narrow beam of fj rays from radium is allowed to fall upon a 
jdiotograjdiic' jilale or a phosphorescent screen a narrow dark 
or bright hand is tn'odneed. Tf a magnetic field be applied to 
tlic beam of rays it will not only be deviated as shown by the 
movement of the hand on the photographic plate or phosphor- 
escent screen, bnt the band will also be increased in width, 
.showing that .some of the rays in the beam mn.st have been 
bent more than others. Idiis indicates that the ^ rays from 
radium are not ptM-fectly lunnogeneons. Some of them are 
projected with greater veloeity than others and those with the 
higher velocity will of course be deviated less by a given mag- 
netic field. 'The /? ray.s emitted hy nraniiim do not show this 
broadening, indicating that the beam of jS rays from uranium 
is homogeneous in character, the rays all being emitted with 
the same velocity. 

'The n rays from radium also .show a similar want of homo- 
geneity. Tl is not so easily ob.served in the case of a rays on 
account of the diflienlty in bending them. Careful experi- 
ments show that tlie n rays emitted hy radium are not all pro- 
jected with the same veloeity. 

101. Absorption of the Rays by Solids.— Wc have seen 
(§001 ibat one of the most marked distinguishing cliaracter- 
istie.s of the three types of ray.s i.s llieir different powers of 
penetrating solid bodies. Some further experiments on this 
question may ]>rove of value. ITraninm will l)e found a more 
convenient .source of a and ft rays for the .study of this que.s- 
tion than radium tju account of the complexity of both the 
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a and /? rays from niditHii, Inil radiuin is hrttfr as ;i source of 
y rays as it gives uni a imudi more intense y radiation than 
uranium. 

ct Rays.—'l'lic form of a])i)aratus shown in log. 50 will he 
found convenient for the examination of the ahsorplion of the 
a and /? rays. If a very thin layer of uranium he list'd prac- 
tically all the ionization protluced is due to the a rays, only 
about one or two per cent, of the lolal ionization heiiig due to 
the and y rays. Place a very thin layer of uranium oxide of 
about 25 sq. cm. in area on the plate ( ' (h'ig. 50) ami adjust the 
distance between the plates to about J cm. Measure the satu- 
ration ionization current between the jdates. Place a thin sheet 
of aluminium foil, not more than .0003 em. Ihiek, ovi'r the 
uranium and measure the current. Uepeat llii.s, adding a sheet 
at a time, till all the a rays are eomplelely cut olT. Repeat 
this using very thin .sheets of tissue paper. 

The a rays of radium may he separatetl from the /I rays 
temporarily by dis.solvinga little radium rbloridt' in water and 
then evaporating it on a metal jilate. 'rhe raclium ehloritle left 
on the plate is thus rendered nearly free from /•? rays for a 
short time. Using such a deposit as a sourci' of radialioii, 
repeat the experiments with the uhuninium foil. 

If Iq is the intensity of the rays before passing through any 
absorbing material and / the intensity after passing through a 
thickness w of the ah.sorhing substance, it will he found that 
the relation between ^ obeys approxinialely Ihe same 

law as found for Rbntgen ray.s (§f)i') umler similar eomlitions, 
namely, ///o- where A is the coenicieiU of ahsorptitm. 

/? Rays . — To invc.stigale the absorption (d' the fi rays use a 
comparatively thick layer of nranium oxide several millimelers 
thick. Cover this with a suflicient Ihickne.s.s of aluminium foil 
to cut off all the a rays. Perforin a set of experiments similar 
to those made with the a rays. In this inslanee, however, sinee 
the /? rays are so much more penetrating, a great thickness of 
absorbing material may be used and therefore a mucli greater 
variety of substances may be tested. Test a.s before tlie rela- 
tion between the absorption and the thickness of the absorbing 
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material and note that the absorption law given above is ap- 
proximately adhered to in the case of the rays as well as the 
a rays. Compare also the absorbing power of equal thick- 
nesses of dilTerent materials anti observe that the ahsoiq^tion 
increases with the density, hut they are not proportional to one 
another. 

y Rays\—~\'hv al)son)tion of the y rays may he most succcs.s- 
fnlly examined by using a layer of radium a millimeter or so 
in thickness as the source of rays, and an electro.scope for 
measuring the intensity of the rays. 

Place a layer of radium hn)mide in a shallow receptacle of 
not more than i or 2 mm. depth and 10 or 12 stj. cm. area. 
Cover it with a thin slieel of mica about .01 cm. in thickness 
and carefully seal down tlie edges with wax to prevent the 
emanation from escaping. Place an electroscoj)e of the usual 
form ( Idg. 14') on a lead plate in which is cut an opening about 
6 cm. scjuare. About 2 or 3 cm. below this opening place the 
enclosed radium and cover it with a .sheet of lead about 2 or 
3 mm. thick so as to completely cut olT the ^ rays. Measure 
the intensity of the y rays by the rate of discharge of the elec- 
troscope. 'Phen cover the radium with gradually increasing 
thicknesses of absorbing materials and note the diminution in 
intensity with increase of thickne.ss for each substance. Te.st 
this by tlie al)sorption et|uation given above. Compare also the 
ahsdrhing powers of dilTerent .substances for y rays. It will 
he found that (be thicknesses of ah.sorbing materials required 
in these experiments to jiroduce apprecial)le ah.sorption are 
very much greater than in llie experiments with a and (3 rays. 
Quite appreciable effects will he produced by the y rays even 
after they have passed through several centimeters of such a 
dense substance as lead. In all the.se experiments on absorp- 
tion it will he found instructive tt) plot curves showing the 
relation between the intensity of the rays after passing through 
the absorbing material and the thickness of the absorbing 
substance. 

102. Effect of Varying the Thickness of a Layer of Radio- 
active Material.— In .some of our experiments we have used 
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as our source of radialion a lliin layer of radio rielive material 
and in others a thick layer, d'lie reason for (his will now 1)c 
apparent after .studying? the ahsorjvlive jx’iwer of solid bodies 
for these radiations. The radiations are eniith'd froni all parts 
of the radio-active material, not only at tlu' sur lace but lhrou^t;h- 
out the body of the sulistanee. If there wi're no sneli thing 
as absorption then the rays from all parts of the material 
would emerge' into the air with erpial intensity and produce 
their effects and any increase in the (|uantity of material would 
produce a proi)orti<inal increase in the amount of radialion 
emitted, ihit since absorption cloes lake ph'u'e, when the layer 
of material is thick then the rays which are given olT from the 
lower layers have to pa.ss through die upper layer before emerg- 
ing into the air ami therefore sunVr absorption in passing 
through the solid material, whereas if ihi* layer is very thin 
practically no absorption takes place, as (be distance traversed 
is so very .short. On account of the dilTerenee in the penetrat-' 
ing powers of the three types of rays the elTeet of altering the 
thickness of the radiating material is dilTerenl in the three 
cases. Consider the clTcet on eaelt tyjic of ray separately. 

Effect oil a Raysr-T\K' a rays given olV fnun a very thin 
layer snlTcr no ah.sorplion as they are all praclieally given olT 
from the surface and the full elTecl of (he niys is ohserved in 
the air above the material. If the layer id' mtileri.al is :ippre- 
ciably increa.scd the amount of radialion emitted is increased in 
the same proportion, hut the rays emitted from the lower layer 
have to pass through the increased thickness of material and on 
account of their weak penetration sutler ahsorplion and oidy a 
portion of them finally emerge into the air, 'Hierefina' the in- 
crease in the emergent raflialiou is not proportioiuil to (he 
increase in thickness. The thicker the hayer the more are the 
a rays from below al)sor])cd, until finally a lliie! <nesh Is re, lehed 
which is sufficient to completely alj-sorh all the a rays which 
come from a depth below this Ihickne.ss. I 'oiiseipiently when 
this condition is reached any further increase in the thickness 
of the material will produce no further increase in the emer- 
gent a radiation. Starting, therefore, witli a very lliiii layer of 


AliSORPTTON OF RAYS 


163 


material tlie ionization will increase with increase in thickness 
until a maximum is reached at the point where the thickness 
is sufficient to ahsorh all the a rays coming from below this 
depth and the maximum will remain constant for any increase 
in material. 

^ Rays.—Tlw elTect is very much less marked in the case of 
Llie f3 rays, d'he latter are so much more penetrating than the 
a rays that they will pass through a much greater thickness of 
radio-active material without sulTering much ab.sorption. If 
the ionization produced hy the ft rays from a thin layer is 
measured and the lliiekness of material gradually increased the 
ionization will increase much more nearly in proportion to the 
amount of material, for the p rays from the lower layers are 
absorbed to such a small extent that covering the lower layer 
with more radio-active matc'rial does not ]>r()duce much absorp- 
tion. h'inally, of course, a thickne.ss will he reached which 
will ahsorl) all the fi rays emitted from below this thickness 
hut the ([uantity of material will he very much greater than 
that recjuired to ahsorh the a rays. 

y Rays.- -I'lie y rays are so extremely penetrating that they 
will ])ass through a very large t|uantity of radio-active material 
before being absorbed to any appreciable extent. The ioniza- 
tion produced hy the y rays alone will therefore he practically 
proportional to the (luantily of ra<lio-active material used. To 
obtain an inten.se y radiation a large ejuantity of material may 
he employed. 

lixpcrlmcntal l'csls.~\'hv rc.suUs given above may be very 
easily ol)served experimentally, llse the apparatus shown in 
h'ig. 50 and as a receptacle for holding the radio-active material 
use. the one described in ^ 85, .so a.s to ii.se the same surface 
area in all cases, 'riie {letachahle plate with the hole in it 
.should he about i cm. thick to give .sufficient depth and the 
hole in the plate .should he alnnit 5 cm. .s(|nare. Place a.s thin a 
layer as possible tif uranium oxide on the bottom of the re- 
ceptacle. This may he done hy .sifting the oxide through a 
thin wire gauze as uniformly as possible. Measure the cur- 
rent between the plate.s. Weigh the plate before the oxide is 
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])lacc'(l on it and also afterwards (n olitain the weij^'lit of oxide. 
Increase the thickness of oxide j^Uglitly and aj^jain ineasnre the 
current and vveij;.(h tlie oxiiUx t ontinue Ihi.s until tin* current 
approaches a inaxinnnn. If the material is unifonidy sifted 
over the area the thickness may he taken as pnipurtional to the 
weif,dit in each ease. IMol a curve showinj^ the ivlaliou be- 
tween the thickness and the current produet'd. With the 
thicker layers the (i rays heeome more prominent and part of 
the current is due to them. 

Start again with a thin layer .aiul cover it with a sheet of 
aluniiniuin thick enough to ahsorh all the 1, rays, Rt'pi-al the 
above experiments aiul tdiserve the relation hetween the thick- 
ness of material and the ioniz.'itiou profluced hy the rays. 

The ([uantity of a rays emitted hy uranium oxide is very 
small and besides that the y rays are vm'v wt'ak ioni/ers. ('on- 
sequently the y radiation from a very thin layer of uranium is 
practically inappreciable ami eonsiderahle thickness is ret|uired 
to produce much elTeet. vStart with a layer a couple of nulli- 
meters thick and cover it with a lead plate almut two millime- 
ters in thickness to ahsorh all the n and /I rays. Repeat the 
above experiments and ctanpare the ioni/ation pro(luceil by 
diflerent thickne.s.ses of material. ‘To measure the ionization 
u.sc the usual form of electroscope. 

Te.st also the y radiation from specimens of thorium aud of 
radium. In the.se tests the emanation will not interfere, as the 
thorium or radium may for this purptise he covered with a 
sheet of mica and sealed up so as to he air tight. Note that it 
requires a considerable thickness of thorium to produce ap- 
preciable ionization hy the y rays, hut that a much thinner 
layer of radium will produce as great if not greater elTecls. 

103. Absorption of Rays by Gases. 'Phe rays from radio- 
active substances .suffer absorption in their passage through 
gasCwS as well as through .solids, hut of couinc to a much less 
extent. The y rays arc so penetrating that the absorption of 
them by gases is extremely small. 'Phe fi rays will jiass ihrough 
a considerable distance without shmving mnch dimimUion in 
intensity but the distance is much less than in the case of y rays. 
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The a rays, 011 account of their low penetrating power, are 
comparatively easily ahsorhed l)y gases. This absorption of 
the a rays by gases may be easily observed by means of the 
apiiaratus shown in h'ig. 56. 

AB is a brass jdale 12 cm. sciuaro supported in a fixed posi- 
tion by a brass rod K ]>assing out through an ebonite plug, 
j’arallel to . IB and attached to it by ebonite rods is the plate 
C/) of tlie same si/,e in which is cut an opening about 8 cm. 
sejuare. 'Phis opening is covered with extremely thin alumin- 
ium foil or very thin wire gauze. The di.stance between these 
plates shoidd lie about (.5 cm. .-IB is connected to the electrom- 



eter and CD to a battery in the usual manner. A plate P about 
14 cm. stiuare is supported by a rod S, which passes through 
a closely fitting tube and nut attached to the base plate HK. 
Hy means of this nut P may be raised or lowered parallel to 
itself .so the distance between P and CD may be altered as 
desired. A piece of rubber tubing fits tightly over the lower 
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part of this nut ami liu* rod .V so as (o make (he joint air- 
tif!;ht. The whole system of plates is enek I'-ctl in a metal box 
MN which iits on t»» the base plati' UK. Tlic joints may all 
he made air-lij^ht by waxinK. There shotdd he a couple of 
windows in the sides of the vessid to observe the interior. The 
radio-active material is ]i]aced in a mu form layer on (he plate 
P coverin|jf an area of 12 cm. s(|uare. ( ‘oimect (he plate P and 
the enclo.siiij^ ve.s.sel to earth. 'The rays fittm the radioactive 
material tni P ionize the lixed volume of j<as between the plates 
AB and CU between which the mirrent is measurtal. .Since 
the rays are ah.sorhetl in passinjjf throuj^h the jj;as between /' and 
CD we .should expect the current between AB and i'U to 
diminish as the distance between P and ( 7 > is increased. I'lace 
a thin layer of uranium oxide on /' so that practically all the 
ionization is produced by the a rays and (In- B rays may he 
negiected. Start with P a couple of millimeters or .so from Cl) 
and mea.sure the current, then grailually lower the plate /’ by 
.small measured intervals and measure the current at each di.s- 
tance and observe how the current diminishes with inen-ase of 
di.stancc. Plot a curve .showinfj the relatitm between current 
and distance between P and CJK It will be seen that as the 
distance increa.ses in arithinetietd progression the current 
dimini.shes a])proximately in f^eometric.al progression. 

As wa.s shown in §101 for solids if /„ is the intensity of 
the a rays at the surface of the radio active material and / 
the intensity at a distance .r from it then / /„t where A is 

the coefficient of absorption for tile p:as. Let .r he the dis- 
tance between P and Cl) and I the disluuee between CD and 
AB. The rays arc also ahsorlied in passin^^ thron^di the foil 
F by a small constant fraction. Let the fraction which 
emerges after passing throngh the foil be denoted by /C . 'rheii 
the intensity of the rays at the upper surface of /*' is eipud to 
and at the lower surface of AB it i.s Then 

since the amount of ionization produced is projMUiional to the 
intensity of the rays the number of iou.s protluecd between 
the plates is proportional to A7„« ~~ A'/,,® PuP t,, 

KI^(i — c-Ai)e--X». Therefore since A7„(i— «Ai) p^ constant 
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for given concHtions the saturation current between the plates 
is pro]-)orlional to that is it decreases according to an ex- 
ponential law with tlu' increase of distance from the source as 
was observed by eaperiinent. 

Fill the vesst'l with ollu'r gast's in tiini and repeat the experi- 
ments and ]dot tlic^ correspomling curves, using distances 
between ( 7) and P as abscissa* and currents as ordinates. 

Since tin* current (.' is ])roporlional to and also propor- 
tional to tile dellecLion d of the. electrometer needle, then d is 
proportional to c Hy olrserving 7, and 7„ for two known 
distances .I’l and .r^ in .any gas and supplying these values in 
the eipiation djd.^ the v.aluc o[ the coefficient of 

alisorpLion A may be determined for thus gas. (Calculate from 
the observations the value of A in each gas. 

By more el.'iborate and careftd mea.suremciits it has been 
found that the relative ioni/ration in gases is proportional to 
the relative absorption. 'Flu* ioni/.alion produced by the 
rapidly moving a particles is due to their collisions with the 
molecules of the gas. 'Fhe more colli.sions that take place the. 
mon* ions will be produced, ll retpiires energy to produce 
these, ions, .'ind tlu* energy is derived from the kinetic energy of 
the n jiarticles, 'Fhe energy of the a particles is thus gradu- 
ally reduced in their p.'issage through the gases, and if their 
energy is reilueed helow a certain .amount they do not possess 
sullicienl energy to prodnee ions and liierefore lose their power 
of manifesting llieir presence. The energy of the rays is thus 
.ahsorhed and there is therefore a direct relation between the 
,'imonnt of absorption .'iml the aiiiount of ionization in any 
givi'ii gas. 

'Fhis melhorl is not ;i convenient one to measure the ab- 
sorption of either the fi or y rays liy gases, for on account of 
their much greater penelnding ]Knver it would require a great 
distance between the plates P .and C'l) to produce an appre- 
ciable .absorption which could he niea.surcd with accuracy. If 
greater dist.ances were used to produce sufficient absorption to 
be measured the rays would spread out to such an extent that 
the intensity of radiation could not be considered constant over 
a plane parallel to the td.'de P at a great distance from P. 
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Usiiify the .s:inu‘ ivjjoul tlu'sc exporinieiUs for each 

of the f»’ascs at dilTereiU pressures lu'hnv an alinospliere. Ob- 
serve fhat for any j;iveu p;as ilu- ahstirplion is very ap])ruxi- 
mately ju'oportional l(> the pressure of the |^as as wtniUI he 
cx])ectecl. 

104. Effect of Pressure on Ionization. 'I'lu- rate at which 
ions are produced by the ratlialions from radio nclive bodies 
depends ui)on the pressure of the p;as. In llu* study of 
Rcint^en rays (§t>2) it was seen th.’it the saturation current be- 
tween two parallel plates was proportional to the pressure. In 
this instance the ionization hetwei’ii (he plates was practically 
nniforni. 'I'lie .same is true for the ionization produced by the 
rays from radio-active .substanees if the ionizatum between the 
plates is uniform. If u radio-active body j^ivinj.^ out a rays 
be placed on the plate (' ( 50) which is placed at a distance 

of 4 cm. from I) and the current measuretl in air at alnio.splicric 
pressure and also at f^radually decreasini^' pressure below an 
atmo.sphere the current will be found to decrease as the pre.s- 
sure decrea.ses, but at first the decrease of current will lie less 
rapid than the decrease of pre.ssure until a pressure of about 
half an atmosphere is reached, h’or jiressures below this the 
current will decrease in exact proportion to the ])ressure. If 
the vessel be filled with carbon dioxide in place of air the. 
want of proportionality will continue till the pressure is in the 
neighborhood of about one third of an atmosphere and below 
that the current will be pro|U)rlional to the pressure. 'I'he.sc 
results appear at fir.st sight to be contrary to the statement that 
the ionization is proportional to the pressure, hut in reality they 
follow as a natural consetpienee of the absorption of the rays 
by the gas. Since the a rays which produce the greater part 
of the ionization are so very ea.sily ah.sorhed by the ga.s the in- 
tensity of the rays is greatest at the surface of the plate (‘and 
gradually diminishes towards I). The ionization i.s therefore 
not uniform between the plates, as more ions are iiroduced 
near C than near D. As the pressure is decreased the absorp- 
tion is less and at first the rays are able to penetrate with 
greater intensity into the region nearer 1 ) and are therefore 
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able to produce more total ionization. The increased intensity 
therefore p.arlly connti'rhalances the' decreased pressure. This 
condition of affairs conlinnes until such a ]>res.surc is reached 
at which tlie rays are able 
to penetrate' to J) with 
practically tlu'ir full inten- 
sity, and till' ionization be- 
tween the jdates is uni 
form ovc'r the whole sp.act' 
and remains uniform for 
any further decrc'asi' of 
pressure, h'roni this stajj;'e 
then the ionization is ])ro 
|)ortional to the pressure. 

'Phis plienoiiieiion is more 
marked the denser the f^as 
which is ioidzed. 'I'he 
curves shown in bijj;. 57, which are due to Rutherford, illu.strate 
very clearly this pn-neral phenomenon in the case of three dif 
f event }j;;ases. 'The (kitted line .shows where the curves would 
run if direct proportionality were shown over the whole range 
of ])ressiire. 

'I'his elTecl of absorption is more marked the greater the 
distance between the plates (’ ;md P, for the greater the di.s- 
tance the rays have to travel the more ah.sor])tlon lakes ])lace. 
If the plates he placed only 5 or f> mm. a]»art instead of 4 cm. 
the rays are alisorhed to a very much less extent and the 
ionization between the jdales is much more nearly uniform 
at atmospheric pressure tlian in llie ca.se of the greater di.stancc. 
As the pressure is decreased the stage at which the ionization 
is (|uite uniform is reached much more (piickly and the current 
is much more nearly proportional throughout the range of 
pressure. 

These facts just described may be very easily tested experi- 
mentally by means of the ai)paratns .shown in lug. 56 slightly 
modified. Remove the lower plate ( 7 ^ and the ebonite rods 
and insulate the plate P. 'I'he latter may be done by attaching 
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an (.‘iHMiite hlm-k to llu' ihuUt siUt* of /’ into wliidi the rml S 
fits. 'J'lu'ii eonneet /’ to the hatlerv aiul use . I /> and P as the 
two plates hetweeii wliieh (he ioni/aliou oeeurs. I’laee those 
plates about 4 eni. apart and, usinj^*' a (bin layer of nrauium 
placed on the plate /’, measure tlie saturation eurrent at dif- 
ferent pressures fnuu an atmosphere dosvnwanls. Repeat this 
when the plates are at shorter distances apart. Riot the curves 
on the same scale, showinj;- tlie relation hetweeii current and 
pressure in each ca.se ami make comparisons. Repeat this for 
the clilTerent available jj;'ases. 

If the rays are, used as the ioni/inj^ af^etil the ionizatiuii 
produced will lie much more nearly propoiiion.al to the pressure 
on account of their greater iienetrahility. 

105. Relation Between Current and Distance Between the 
Plates.—It wa.s shown (§5t>), in studying Rdutgen rays, that 
if a beam of Rfintgeu rays passed between two parallel plates 
.so a.s to produce uniform ionization lielween them and the 
.saturation current measured for dilTerent distanees apart of 
the plates the eurrent was tiroporlional to the ilislatiee between 
them. The .same is true for the a rays from radio aetive bodies 
if the ionization is uniform. The absorption of (he latter type 

of rays, however, produces in 
this connection a similar result 
to that described in the last jiara- 
graph. As the dislanee lielwecn 
the [ilate.s increase.s the ah.sorp- 
tion increases and consenuenlly 
tlie ionization does not rise as 
quickly as it wotdd if the rays 
could penetrate the whole dis- 
lanee without sudVring any ali- 
sorption. If there were no ab- 
sorption the ionization would 
increase in protxirtion to the 
distance between the iilatcs. Since the absorption is greater 
at higher pressures this deviation from direct jiroportionality 
is more marked at the higher pressure.^ than at the lower ones. 
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This ciTcct is well ilhistratod by a set of curves, which are 
clue to Rutherford, shown in b'i^^. 58. At the lower pressures 
the current is much more nearly proportional to the distance 
than at the higher pressures. These effects may be verified 
experimentally by use of the same apparatus used in the 
experiments of the Iasi paragra{)li. Keeping the pressure 
fixed, measure (he current ft)r different distances between the 
plates from 2 or 3 cm. downwards and plot a curve showing 
the relation between current and distance between the plates. 
01 )tain similar curves for several different pressures. Repeat 
these exi)erimenls also in different gases and reducing the 
o1)servalions to the same .scale compare them. 

If the p rays are used as ioni^.ers, since they are much more 
|)eiietraling than the a rays, titc ab.sorpllon will play a much 
le.ss iinpt)rlanl part and the current due to the rays will be 
much more approximately proportional to the distance. 


C’lIAin'l'.R xr. 


SOMK SPl'XIAL l*Rt)IM':R'l’ll':S AND (’( )NSTA NTS 
OK 'I'lll': RAYS. 

io6. Electric Charge Carried by /I Rays, ‘riu' magiiciic and 
electrostatic dollection of liotli the a and (i rays show that 
these rays must consist of charged narlieles travidling with 
high velocity, d'he direction of dellecfioii .slmw^ in I'ach case 
the .sign of the charge carried, if these rays then c;irry a 
charge, and they be allowed to fall upon an insulated nu'tal 
plate the plate ought to receive a charge. A practical dilViculty 
immediately arises in trying to demonstrate this experimen- 
tally, for the gas surrounding the plate becomes ioni/.i'd by the 
rays and conducts the charge away from the ])lale as fast as 
it i.s received and therefore no resultant chargi' remains to be 
observed. This diniculty may be overcome in the case of the 
rays by a special melluul used by M. ancl Mme. I'urie. 

In this experiment a heavy metal plate . IH ( b'ig. 5 d) was 
connected to an electrometer by a wire This j)lale and wire 
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were completely surrounded by an insulating stihslance, either 
ebonite or paraffin. This ])revented the air frttm coming in 
contact with the plate and discharging it. 'Phis insulation was 
surrounded by a metal covering connected to earth. On (he 
lower side the insulation ancl metal covering were very thin 
to allow the rays to pa.ss through without much absorption. 
The metal was aluminium foil .01 mm. thick and the ebonite 
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was ,3 niiiL thick. The radio-active material R was contained 
in a hollow cut in a heavy lead block. 'I'he (.-i rays were suffi- 
ciently 'pcnel rating' to pass Ihroni^h the eoveriii^^^ and, falling 
n])on the ])late .IH, gave np their charge to it. 'The elec- 
trometer indicated tluU . //f receiveil a negative charge. This 
charge was small, hut conlil he measured by a sensitive elec- 
trometer. 'riie charge must have been directly comnumicated 
to the plate by the rays, for no ionized gas could come in 
contact with the plate. I'Viun other considerations Rutherford 
has made a determination of the number of [j particles emitted 
per second by one gram of radium bromide and has found it 
to be 4 X H)'". 

107. Radium Clock.”-*-'A very .sim])lc and ingenious 
method of demonstrating e.'vperimentally that the ft rays carry 
a negative charge has been devised by Strutt, which, on account 
of its periodic and automatic motions, is often called the 
“ radium clock." Since the ft rays carry a negative charge, 
tliey ought to leave the radium or the substance from winch 
they come positively charged. Wlieii the radium is exposed 
to the air this fact cannot he ohserved, 
for the ionized air di.scharges the radium 
as soon as it is charged, and ])esi{les that 
the positively eltarged a particles are 
also emitted simnllaneonsly with the ft 
])artieles, and they would leave the ra- 
dium negatively charged and thus tend 
to connterhalance the elTeet of the ft rays. 

In Strutt's apparatus, vvhieli is slunvn in 
h'ig. Tk). these experimental difficulties 
arc overcome. A sealed tube 7 " contains 
.some radium which is \n metallic contact 
with two gohl leaves /. and L. Q >s an lOo. 60. 

in.snlating tpiartz rcul. 'Phe tube T is 
made thick enough to completely absorb all the a rays but 
allows the ft rays to pass through, and therefore the a rays 
with their positive charge do not escape from the system. This 
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inside with tinfoil connectetl tc’i earth to prevent the eharghig 
np of the ease. The air is pumped out as eompletely as pos- 
sible to prevent condnetion ilinuij^h the ^as. so that any charge 
accpiired by the central system may Jiot be lost by couduetion. 
As the /? rays carrying the negative ehargf K-avt' tlu* inlu' the 
insulated system connected with the ra<lium becomes iiositivcly 
charged and the gold leaves dixau’ge. 'I'wo metal (dates, P and 
P, connected to eartli, are placed so that wlu'u (he leaves reach 
a given distance a|)art tliey touch (he (ilates and lose (heir 
charge and colla])se, but they immetliately begin to charge up 
again. This arrangement will work automatically at a (trac- 
tically constant rate, depending ui>on the activity of the radium, 
for a number of year.s. h'roin other evideiu'e which will he 
deduced later we have reason to ludieve that this rale would 
change after a very large tiumher of years, due to (he diniinu- 
tion in the number (if fi )>arlieles emitted. 

io8. Electric Charge Carried by a Rays, 'fhe method of 
§ lof) cannot he sntisfaelorilv niiidied to the a rays on account 
of their very weak (ienetrating power. .Any covering whicli 
could satis facltirily he used as a shield woidd ahsurh the d rays 
before they reached the (dale /IP. 

Recently Rutherford and (leiger have devised a very novel 
and ingenious method for not only measuring the charge car- 
ried by the a (iarticle, but actually counting the mmdicr of a 
particles emitted by radio-active bodies. 'The method used l)y 
them requires very careful manl(iulation and is attended by 
sonic experimental difficnlties which have to he overcstme hut 
cannot he given in detail here. The following is the general 
principle of their method. 

The amount of ionization (produced by a single a (Kirliele is 
very small and would be very diflicult to measure ex(‘e()t by au 
exceedingly sensitive apparatus. The ionization imrrent (iro- 
duced by a single a particle was magnified by a special method 
depending on the principle of the production of ions by colli” 
sion (§67). The a particles were allowed to ()a.ss through a 
very small opening into a detecting vessel containing ga.s at a 
low pressure in which an electric field was estalili.shed very 
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nearly cciiial to the value reciuircd to produce a spark. When 
an a particle enters lliis stroufif fiekl the velocity of any ions 
produced is so increased by the. powerful field that more ions 
arc produced by collisicjii and therefore the ionizing effect 
of the a particle is greatly magnified. The entrance of an 
a particle is tlierebtre marked by a sudden throw of the 
clcetroincter iieedli' due to this siuklen pnxiuc.lion of ion.s. by 
careful adjustment of the electric field, etc., they were able to 
detect the eiilranee of a single particle a*nd therefore to actually 
count the number entering in a given lime by noting the nnm- 
ber of throws of tin* lu-edle. Hy tliis metliod they determined 
that the total mnnher of n particles expelled per second from 
one gram of radium in e(|uiHhrium is 1.36 X 

In this connection they also olhserved hy the eye the mnnher 
of scintillations produced when the a jmrticles fell upon a 
phosphorescent screen of zinc sulphide, dlie mnnher of scin- 
tillations was found to he the .same as the numher of imping- 
ing a i)articles counted hy the electrical method. So the a par- 
ticles may he counted hy either the electrical or scintillation 
method. 

These experiments on the a particles mark a wonderful 
advance in modfrn experimental methods, and are especially 
noteworthy as this is the first instance in which a single iso- 
lated atom of matter has been independently detceted and 
measured in any way. 'riiis Is po.ssiljlc, of course, simply on 
account of the great energy possessed Ijy the a particle. Wc 
.shall see later that the a particle i.s really an atom of helium 
carrying a charge, and therefore a .single atom may be isolated 
by this method. 

During ihi.s series of experimcnls on the a particles the 
charge carried hy each particle was experimentally determined. 
Since the mmil)er of a particles emitted per .second by a known 
quantity of railium is known, the charge carried by each one 
may easily he foinnl if the ttital charge carried by the known 
number of particles he measured. This quantity wa.s measured 
and it was fouiul that each a fiarlicle carried a po.sitive charge 
of 9.3 X icJ electrostatic units. 
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lOQ. Velocity and Value of k Ht for /I Rays. 'I'lu' dovia- 
lulity of tlu' /•? rays by a ma.ujiu’lii' ant! ati i-lfolrostalio lldd 
inakt'S it possible tt» experimentally iletei’iiiine the velocity of 
these i)ai‘tieles and tlu* ratio oi the I'bari^e 1(> the mass by a 
method similar in prinei])le ti> that n^ed for tlu* same purpose 
for cathode rays deseriheil in I leetpteia*! used this prin- 

ciple and allowed a narrow beam of rays to fall upon a photo- 
j>^raphic plate and tdiserved the deviation produced by known 
magnetic and electrostatic iields. | U* fomul the average veloc- 
ity to he about l.f)X in'" cm. per second, ‘riu* velocity of 
cathode rays we have seen is J.K '• in" cm, jier second 

so the velocity of the (j rays is considerably greater than that 
of the cathode rays. 

As we have previously noteil the /f t'ays from radium are 
complex. This was shown in Hcctpierers ex])crimeuls by the 
fact that .some of tlu* rays are lu*nt more than others by the 
same field, lie found that the velocities varied from about 
6Xto" to 2.8X10'“ riu. per second. 'The latter velocity 
approaches very nearly the velocity of light, which is 3 X to"' 
cm. per seeond. 

Using the .same rays, whieli had a velocitv of i.f>X to"' 
cm. per .second, llcccpicrcl determined the vahu* of c nt and 
found it to he 10^. 'Phis does not dill'er much from tlu* value 
found by j. J. 'Phom.son (§3(1) for the eathixle ray partiele 
which indicate.s that the particle is similar to tiu* cathode 
ray particle carrying tlu* same charge and of about the 
same mass. 

This complexity of the /i rays with regard to velocity led 
Kaufmaim to examine whether the value of c in for the.se 
ray,s varied with the speeil, lie showed experimentally that 
the value of c/in decreased when the speed increased. If we 
make a most probable assungition that the charge on the fi 
particle is constant the mass then appears to increase with llu* 
increase of velocity. It lias been demonstrated from purely 
theoretical considerations by several mathematical physicists 
that the apparent ma.ss tif a moving electron is due. either 
wholly or in part, to the electric charge in motion, that is, 
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when an electric charge is in motion it appears to possess wliat 
^rresponds to inertia due to the fact of its being in motion. 
Ihis apparent inertia, according to this view, is not due to 
material mass as we are accustomed to conceive of it hm a 
dii ect result of the motion of the electric charge. These 
retical considerations further show that this apparent ma^s, 
which appears to be electrical in origin, increases with the 
speed of the moving charge. The experimental results of 
Kaufmann appear to confirm the theoretical view that the 
mass of the electron is due, wholly or in part, to the fact that 
the electric charge is in motion. 

no. Velocity and Value of e/m for a Rays.~The deter- 
mination of the velocity of projection of the a particles an»l 
the ratio of their charge to their mass is much more difficult 
experimentally than the corresponding determination for the 
/S particles on account of the comparatively small deflection 
produced by even quite powerful electrostatic and magnetic 
fields and very special methods have to be used. Several deter- 
minations of these values have been made, but the most recent 
and accurate determinations have been made by Rutherford 
who used the following method. 

It is important that as homogeneous and as active a source of 
rays as possible be used for this purpose. Radium, for reasons 
which will be explained later, although strongly active, gives 
out a complex set of a rays. Rutherford therefore used as 
his source of rays a very active deposit of radium C on a thin 
wire about 0.5 mm. in diameter. (The explanation of and 
method of depositing radium C will he given in Chapter XIV.) 
This source of rays possesses several advantages. The rays 
are homogeneous in character ; they suffer ik> absorption by 
the active material, as the layer of active material on the wire 
is so extremely thin; also the source is very small and sharply 
defined as the deposit can be made on a very thin wire. 

The apparatus used in the case of the magnetic deflection 
is shown in Fig. 61. The wire with the active material on it 
was placed in a groove F" at a distance of 2 cm. below a narrow 
slit S. The rays passed through this slit and then fell upon 
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a small pliotof^n-apluc plutv /* which was snpportrd at a fixed 
distance (vf snnu' 4 tir 5 cm. ahovc the slil. ( )ver the whole 
system a hr;iss luhe 7 ’ was placed fnaii which thi* air cnnld 
be rapidly exhausted. 'Tlu* rcuiuva! <if the air is itupsirlanl as it 
lessened the ahscn'ptum td' the rays which arc rasily ahsnrhed, 
and there hu'c greatly increased the intensity 
at the phntn|4raphic plate. I’.esides this the 
diminishit\^ uf the ahscirptum allows the 
plate to he placed farther from the source 
so that a larger movement (d' the photo- 
graphic impresNiou is produced, 'Phis luhe 
and euclose<l sysletu was placed between the 
rectangidar jioles td' a very powerful 
magnet so that the uniform magnetic field 
extended from a distance td' t cm. below the 
slit to the top of the ttdie /'. The magnetic 
field was applied for a given time in tme tlirecliou and then re- 
versed .so as to dellecl the rays in the oppttsite direction. 'I'he 
field was thus reversetl every ten minutes fisr a period of about 
one hour. This w;is done so that the distance between the 
photographic impre.ssions on the plate woull he tlouhle of what 
the distance would he if the field were applied in tmly one direc- 
tion. The strength of magnetic field used was about 
C.G.vS. units, and this would produce a separation hetwi’en the 
bands of 4.7 mm. when the photographic plate was 4 cm. 
from tlie ,slit. 

The path of the dellctied beam of rays constitutes a curve 
whose radiius of curvature may he ea.sity calculated from the 
known dimensions. 

Let 2f = thc distance between the centres of die hands on 
the photographic plate, 

fi — the di.stance between the plate /’ ami the .slit .V, 
ra=:the di.stance of the slit S above the heginniug of 
the magnetic field. 

Then since the curvature is .small the radiu.s of curvature p is 
given by the equation _ 

2p X r « (/'i *4” f" 
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f' 

therefore P =« .,*.('’1 + '2)- 

It has been previously shown (§36) Dial when a charfced 
body of mass in and earryiuK' eharj^e c is in motion with a 
velocity 7' in a maj^'iielic lield of slrenj^lh II the radius of 
curvature of (he path is jLi;iven by the etination ///, niv/c. 
The values of II and (> are determined and therefore iin'/c 
is known. 

'The apparatus iisi’d for the electrostatic deneclion f)f the 
rays is shown in h’ijjf. f>2. A 
similar source of radiation 
was placed in a {groove ai l(\ 

7 'wo insidatcfl pai'allel plates 
// and /i about ,j cm. hij^h and 
0.21 mm. apart formed a very 
narrow slit for the ray.s to 
pass throujL!;h, .After passing'' 
lhrouf,di this narrow slit the 
rays fell upon a phototcrapliic 
plate /’. 'I'he whole was en 
closed by the brass ttilu' M 
which couhl be (ptiekly e\. 
hausted. ‘I'lie (h'tleclin^ potential was ap[>lied between the 
plate.s .1 and /I, the former bein^ in metallic eenUaet with 
(he euelosiuK vessel while the latter was insulated from it 
This deneelinj^ jiotential was applied first in one direction 
and then in the otlier at intervals so that a doulde dellection 
of the rays was the result, 

■'rile iimthematieai demonstration of the theory of this experi- 
ment is .somewlial lengthy ami more complieated that in the 
ca.se of the mnppietie cletleetion, ami eon.He(|uently will not be 
given in detail here. If de.sired it may be found in the original 
pafier* by Rutherford. If the heigiit of . 1/1 is /j,, the distance 
from the lop of li to the jdate I* is the di.stance between the 
plates is d, the tlistauee between the extreme edges of the 

Phil. Mug., Oct., 
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photographic hands for a reversal of the electric field is 
and the dellecting potential I" then, from the theory under 
proper conditions, the following e(|ualiou is true, namely, 

8 I 7i.~ 

<■ 

which gives the value of vni~/c. (omhining this value with 
the value of uiv/c obtained from the magnetic deflection the 
value of V and of c/in are detenniiu'd. 'I'ln- latest results ob- 
tained by Rutherford and other experimenters show that the 
value of c/in is the same for the a rays emitted by the various 
radio-active substances and is ecjual to 5Xi(v’ in electro- 
magnetic units. 

Although this qnantity is constant the velocity of expulsion 
of the a particles is not the same for all substances. It is 
found to vary from about 1.5^) X 10" to 2.25 x 10" cm. ])er 
second under dilTereiit circumstances, 

■ III. Mass and Nature of the n Particle. 'These results 
along with others enable us to obtain a more del'mite idea of 
the mass of the a particle and consi'((uenlly of its true nature. 
The value of Jl/M' for the. atom of hydrogen liberated in the 
electrolysis of water is in round numbers 10' electromagnetic 
units. The charge li carried hy the hydia^gen atom is believed 
to he the smallest fundamental charge carried hy any existing 
particle of matter so that the charge carried hy any body must 
be an integral multiple of li. The charge carried 1 )y a hydro- 
gen ion is ecpial to the charge' carried hy a gaseous ion, 
which was found (§81) to he 3.4 X 10"’ clcclroslalic units. 
Rutherford has recently .shown however that certain experi- 
mental errors in the delerminallon of this charge carried hy 
the gaseous iott tend to make this value too small and it is 
most probably in the neighhorluKul of ahoul 4,b X to"''', Wc 
have also seen (§ to 8) that the charge carried by the a particle 
is equal to 0.3 x to"''’ electrostatic units. It follows then from 
this that the a particle carries twice the charge carried by the 
hydrogen atom. This being so it follows, since E/M = iq* 
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and e/in for the a particle is ecpial to 5 x hV' and c 2/1, 
that the mass <vf the a particle must he four times the mass of 
the hydrogen atom and therefore must he atomic in size. Now 
the atomic, mass of helium is 3.o(i in terms of hydrogen. Thus 
we see that the a particle is atomic in size and (jf the order 
of the helium atom, and therefore mu.st take its place among the 
elements. J’ut since theiat does not seem to he any place ac- 
cording to the periodic law among the elements for a new one 
in that ])art of the series the most prohahle hypothesis is that 
the a particle, is an atom of helium carrying twice the charge 
of a hydrogen atom, '.riie a j)article when its charge is neu- 
tralized hecoines an ordinary uncharged helium atom, 'rhis 
theory is further su])porti'd hy the fact that helium is very 
commonly found along with old ratlio-active minerals. 

1 12. Energy of the a Particle.- -Since the a ])article is 
atomic in size and is (ravelling with high speed it must ])ossess 
considerable kinetic energy. It will he of interest to calculate 
this 'energy, which may he easily done hy means of the results 
jinst obtained. The kinetic energy of a mass m moving with 
a velocity v is ecjual to • 1'- • c. 'i'he value of 

w/c is 1/(5 X lev') electromagnetic units, d'he average value 
of z) is ])ractically 2 X 10" cm. per sec. 'I'he charge c is 


0.3 X 10 electrostatic units which eciuals elcctro- 

magnetic units, which e([uals 3.1 X io''"". .Supplying these 
valiic.s in the above expression wc have the average kinetic 
energy of each moving a particle ecpial to 


1 I 

„ X (2 X 10“)“ X ( 3 *r X to ^'0 12 ’4 X lO"'’ ergs. 

2 5 X to / 

113. Nature of the y Rays.—'l'lic y rays ditler very essen- 
tially from the a and fi rays. They are, as we have seen, 
extremely penetrating compared with the other two type.s. 
Very active radium bromide emits y rays which can he detected 
after passing througli as much a.s 30 cm. of iron. There is a 
still greater essential di (Terence in the fact that no one has as 
yet succeeded in deviating the yrays hy either a magnetic or 
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electric field. They d(i not appear to carry any electric charge 
at all. It has cousecpieiitly heeu very difficnlt to determine 
the real nature of the y rays hy direct e\])eriinent, 'riieir great 
penetrating power and non-deviahility show a string rescni- 
hlance to very hard Ktintgen rays, ‘.rwo rival llu'ories as to 
the nature of 7 rays have heeu put forward, each of which 
has a consideralde amount of ex.])erimental evidence in its 
favor, hut up to tlie present neither has l)een thoroughly 
established. 

We know that Udntgen rays are produced hy the sudden 
stopping of a moving electron, and it is reasonahle to suppose 
that they woidd he pnidiict'd hy the sudden starting of an 
electron into rapid motion. Now esi)eriment has shenvn that 
7 rays always occur in conjunction with rapidly moving ^ 
particles A\dnch we know are electrons. It is therefore reason- 
ahle to suppose that the 7 rays are electromagnetic ])ulses simi- 
lar to Rdntgen rays prodticed hy the sudden e.Kpulsiou of the 
/3 particles, or electn)ns, from the radio-active substance. This 
theory has a large amount of evidmice both of a theoretical 
and e,\])erimental nature to support it. 

Amhher theory has recently been advanced hy llragg t(^ the 
ellect that these rays, instead of being of the nature of a 
vibration, are of a material nature, lie suggests that they 
consist of neutral pairs of ])ositively and negatively charged 
particles. Their neutral nature would account for the non- 
deviahility by a magnetic or electric field. I le has also de- 
duced considerable experimental proof in favor of this theory. 
Although the balance of proof at present seems to be. in favor 
of the electromagnetic pulse theiiry, yet neither theory has been 
satisfactorily proved or disproved and further experimental 
data arc required on this .subject. 


('1 lAl’TICR Xli. 


URANIUM X, 'I’llORlUM X, yXin'lNlUM X. 

114. Discovery of Uranium X and Thorium X. In Ihc year 
1900 Sir William (iroohi-.s sliowed that by a sim])le chemical 
process be conld se])ara(e from iii'aninm a conslitnent which 
was many times more' active jdiolofjtraphically than the ura- 
nium from which it was separated. In addition, the separa- 
tion of this eonstifnent left the nraninm photo|;'ra[)hicaIly in- 
active. This new and unknown substance he called nraninm 
X, or Ur. ,\. Ilec(im'n‘l obtained similar results, nsiiif^’ a 
slightly dilTerent chemical process, and in addition he discov- 
ered the enrions fact on testing some month.s later the nraninm 
X and the nraninm from which it had been separated that the 
nraninm had compU-tely rec(wered its nsnal amount of activity 
while the Ur. ,\ had entirely lost its activity. Rnlherford and 
Soddy later snccet'iled in performing a .similar chemical opera- 
tion on thorinni, se])arating a very active constituent which 
they called ihoriinn X, or 'I'h, X, and which acted in a manner 
very similar to I Ir. X. We will now study these actions a little 
more in detail. 

115. Chemical Separation of Ur. X.' Dissolve a few grams 
of nraninm nitrate in water and then add just sufficient am- 
monium carhonatc to i)recipitate the nraninm from the solution. 
This ])reci])itate ettnlains the nraninm X as well as the nraninm. 
If an e.xeess of the ammoninm carbonate he added the nraninm 
will he redis.solved. hnl (he nraninm X will not he. dissolved and 
will be left 1 )ehind as an insolnhle precl])ilate. .Separate this 
in.solnhle j)reeipilali' from (he solution and dry it. Also evapo- 
rate the dissolved uranium solution to dryness. The Ur. X 
and nraninm residue are now entirely se])arated. 

1 16. Activity of Uranium and Ur. X. Using a .small testing 

vessel of the form shown in I'ig. 50 test the nraninm residue 
in the nsnal manner for a ray and ray activity separately. 
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It will be found that the uranium residue has entirely lost its 
jS ray activity hut that its a ray activity is uiuliininished. Test 
in the same way the uranium X precipitate and observe that it 
emits no a rays at all l)Ut gives out a strong radiation. If 
these two precipitates be tested photographically it will be 
found that the radiations from Ur. X will produce a strong 
impression on a jduilographic plate, but that the uranium resi- 
due is practically inactive photographically. 

These results furni.sh an excellent illustration of the differ- 
ence between the electrical and photographic methods of test- 
ing radio-active bodies, d'esled electrically the uranium res- 
idue is quite active, because it gives out only a rays which arc 
strong ionir.er.s, while the Ur. K is practically inactive, as it 
gives of! only rays, which are very weak ioni/.ers. Tested 
photographically the opposite result is olitained, namely, that 
the uranium residue is praelieally inaelive, because the a rays 
which it emits produce very little photographic effect, while the 
Ur. X is very active liecause the /i rays are strongly active 
photographically. Urcat care must therefore l)c observed in 
comparing measuremeuts made by the two dilTercut methods, 
to avoid confusion, for the two methods, as we .see, give in 
some cases entirely ojiposite results. 

117, Change in Activity of Uranium and Ur. X.— Starting 
immediately after the chemical separation of uranium and Ur. 
X test, by the electrical method, both substances for both 
a and jS ray activity separately and repeal these tests at inter- 
vals of about once a day for a period of from 75 too days, 
or even longer if time will permit. The curious fact will be 
observed that the a ray activity of the uranium residue will 
remain constant, but the j3 ray activity gradually increases with 
the time and finally reaches a maximum and then remains con- 
stant. The fi ray activity may, of course, lie measured sepa- 
rately by cutting off llu' a rays in the usual manner. It takes 
it a little over five months to reach this maximum. The /? ray 
activity of the Ur. X, ou the other hand, gradually decreases 
with the time, and not only so but decreases at exactly the same 
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Plot a curve in each ease sliowing the relation between the lime 
and the ray activity as measured by the ionization current. 
Two such curves, due to Kutherford and Soddy, representing 
this decay and recovery of activity arc shown in Ing. 63, in 
which the ordinates represent the activity as meastired by the 
ionization current, while the ahscissa; represent the lime in 



days after chemical .separation, 'rhesecurve.s represent in both 
cases the activity as measnretl hy the /i rays. It will he oh- 
served that the lime re<[nired for the activity in the one ra.se 
to rise to half its maxinmm value i.H ecjiial to the time re<|uired 
in the other to fall to half il.s maximum value and that this 
period is ccpial to 22 days. 

118. Thorium and Th. X.— Make a dilute .sfdution of llior- 
ium nitrate in water, d'hen add .sufllcient ammonia to precipi- 
tate the thorium as thorium hydroxide. Separate the precipi- 
tate and carefully dry it. Also ev.'iporale the fdtrate to dryne.s.s 
and remove the ammoninni .salt.s from the residue hy ignition. 
The remainder will consist of a very active snhstance many 
times more active weight for weight than the thorium .salt 
which was first dissolved. This active constituent ha.s been 
named thorium X, or 'fh. X, from analogy with uranium X, 
Test in the usual way, as soon after preparation as possilile, 
the activity of the precipitated thorium hydroxide and also of 
the Th. X, and repeat the tests at intervals of ahmit three 



URANIUM X, THORIUM X, ACTINIUM X 


1 86 

times a day for a period of about, twelve or fourteen days. 
Observe that the ])recipitated thoriuiii ha.s lost a large propor- 
tion of its original activity which it luul before solution, 
although it has not lost all its activity. On being tested at 
intervals, tbi.s activity at first decreases for a short time and 
then begins to rise again ;ind continues to rise until it reaches 
a maxinuuu, when it remains constant. Test also simulta- 
neously the activity of the thorium X at intervals and observe 
that at first it increases for a shcn1 time ;ind then begins to 
decrease and continues to decrease until it Jinally di.sappears. 
i’lot a curve in (“ach case, .sbowing (be relation between activity 
and time after chemical separation. With the exception of the 
initial irregularity, which will be acciumted for in a later chap- 
ter, the curves obtained .should be very similar to those obtained 
in the case of uraiiiniu and Ur. X. Note also that the thorium 
recovers its activity at practically the same rate as the activity 
(vf the Th. X decays. 'I'he time re(iuired for (he activity of the 
thoriuin to reach half its maximum will be seen to be only 
about four days, while Ihe'same lime is retpured for the activity 
of the Th. X to decay to half its maximum value. 

119. Actinium and Act. X. I f a solution of an actinium .salt 
be made and treated with tuumonia in just the same manner as 
the thorium, a very active constituent will be obtained .showing 
properties very .similar tt) those of 'I'h. X, 'I'lds suhslance has 
been named actinium X, or Act. X. from .anahigy. If a ((uanlity 
of the so-called enuuiumi, which is the .same as actinium, is 
available, make a solution of it and treat it in the same way 
as the thorium was treated, d'est tlie activity of the precipitate 
and the evaporated residue or Act. .X at intervals of once or 
twice a day for a period of forty or fifty days and oh.serve the 
recovery of activity of the precipitate and (he decay of the 
activity of the Act. X ami plot curves for them as hcforc. 
Curves of a shape almost exactly similar to those obtained for 
thorium .should result from the tests. 'I'he time re([nired for 
the actinium to regain half its maximum activity and also for 
the activity of Act. X to decay to half of its niaxinumi value 
will he found to be about ton days. 
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120. Theory of Successive Changes, 'riicsc results iiulicale 
that some process must he continually going on in these snh- 
stances unaided hy any outsi<le agencies. vSince the Ur. X, 
for instance, which gives out [i rays can In* separated from the 
normal uranium, leaving it devoid of [i rays, therefore the 
/? rays nmsl arise from the I Ir. am) since the uranium regains 
the ^ ray activity aflc>r heitig deprive<l of Ur. X, more Ur, X 
must he formcil in the urauium compound to give rise to the 
^ rays. 'Phis can easily he sliown to he true, for after the 
uranium residiu' has recova-red its activity Ur. .X can ])e .sepa- 
rated ;i second time from the; taunpomnl and the action will he 
repeated, 'rhis separation may he repeatetl as often as desired 
after recewery, showing a continuous pnuluction. in aildition 
the activity of the Ur. .X is not permanent, hut gradually dies 
away. Also we know that the fi ray aelivily of normal uran- 
ium, which contains Ur. X from which the ft rays arise, 
does not change, coiistspumtly there nmsl he a state of etpu- 
lihrium in normal nranium in whieli fresh Ur. X is being 
formed at tlu‘ same rate as it dies away in order (hat the total 
resultant aclivit,v may remain eonstant. 'riiis is home out by 
the fact that when (he Ur. X is istdaled from the normal com- 
pound the rate of decay of the se])arated Ur. X is ecpial to the 
rate of recovery of the uranium from which it wa.s sc()aratod. 
in order to maintain this e{|uilihrium state these processes 
must therefore he going on coutinuonsly at a constant rate, and 
since outside agencies do nf)l afTect tlie.se processes tlie cau.se 
of the action must arise within the suhslances llieni.sLdves. 

If the decay curve for Ur. X he .studied it will he oh.served 
from the form of the curve that the aelivily <lceays according 
to an exponential law. If /„ represent the initial activity 
immediati'ly after separation and /< the activity after a time t, 
then it will he found that h where e is the natural 

base of logarithms and A a eonstant (juantity. Similarly the 
curve representing the recovery of activity hy the uranium 
from which the Ur. X ha.s been .separated can he repre.sented 
by the e([uatinn It Uo( i where /« repre.sciits the 
activity when the maximum is reached and It is the activity 
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only a few seconds to comi)1e{<* while others extend over a 
period of several hun(lre(l ye.'irs. 'I'he time taken hy any one 
of these cliani^ms to he half eonipleled is desi/4'naled the period 
of that transformation or chan^'e. 'I'he reason for eallinjjf half 
the time of a complete transformation the period instead t)f 
the whole time is that it is usually nuieh more convenient to 
determine I'xperimenlally when the ehan^^a* is half com]de(cd 
than when it is fully etiiuph'ti'tl, for {luriiijjf the latter part of 
the transformation the rate is usually mueh slower than in the 
earlier staj^es, as will he ohs<*rved from the curves already 
studied. As this rate of ehan^m in the hiter slaj'es is often 
so slow it is sometimes dinicult to determine’ the exact time 
when it is just eomplete’d, hut this ditVieulty is hot so likely 
to occur in dele'rmininp;' when the transformation is half com- 
pleted. 'Phis theory is called the theory of sueci’ssive ehauf^es, 
and the ditTerent ])rodueis into which each one is j^radually 
transformed are called t runs format urn products. 
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121. Discovery of Thorium Emanation. 'I'ln* early experi- 
menters on llic radiafinns emitted hy tlittrinni et impounds 
observed a marked dilTevenee between thuriimi atnl nraninni, 
namely, that while the ratliations fmm nranimn were very con- 
stant those produced from thorium compounds were very 
irregular, and anything like constant residts could not he. 
obtained from them, 'I'liis want of constancy was finally 
traced to the presence of air currents. If the Ihtu'inm com- 
pound was placed in a closed vessel free from air currents 
the ionization, although for a few miuutes at first was some- 
what irregular, .s(k>ii became steaily and wotdd remain st>, Imt 
if a current of air were pas.sed through the vessel the ioniza- 
tion wouhl he greatly redueed. If (he ioui/ation were tested 
in an open ves.sel wliiTi* it was suhjeid to air eiirreuts the 
ionization would he (juite unsteady, d'his irregularity was very 
thoroughly investigated hy Rutherford atni he found that it was 
due to the continuous emission of some .sort of ruilio aelive par- 
ticles from the thorium compounds. 'To the'.e particles the 
name emanation was given. 'This emanation is not like the 
radiations which we have already considenal. hut it acts in all 
respects like an ordinary gas, which itself emits rays of (he 
same type as we have been .studying. It do«*s not itself con- 
sist of ions nor charged particles of any sort, hut has tlu- power 
of producing ion.s in the gas with which it is luixcd hy means 
of the rays which it emits. 

122. Some Properties of Thorium Emanation. .Rome of the 
fundamental properties of the emanation may he investigated 
hy means of the apparattis .shown in log. fq. (' is a glass or 
metal tube about 8 or lo cm. long and 3 or 4 cm. in tliametiT 
Close the ends with rubher .slopper.s through which pu'^s smaller 
glass or metal tube.s a.s .shown. In the haver jmrt «if place 
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a shallow lr^nj^h cttnlainiuf^ a ijuanlity of llmrimii tixidr, Pll 
is a v'rsst'l >>! a hra-^x ovliudiT ahniit 30 fin. 

loiif? anil fin. in ilianiclfr, K is a ca-nira! insnlatftl fUrtradc 
consist i Ilf,'' of a liiass nnl .‘u cnu lnuf^ ami fonufftfd to an 
clfflronu'ti’r. Insnlatr tlu' f\!indrr /•'// and finnu-ct it to a 
hattci'v in tlu* nsnal inannn, I'Miinri t tlu* f> liudns /•■// and 
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by a f,da.ss or niftal tnlu* a ffw ffntiiin'trrK lonf( lu-twct'ii tin* 
points n and /i. I‘a*.s a sluw nirrmt of air from a gawnnetcr 
throiiftli a w.’nli Ittailf J fnutaining Milplinrif acid to dry it, and 
a tipditly pufkrd jdiif,' of cotton wool in a glass Imih H to remove 
(Inst and spray, and thfiife tluough the rest of the .system. 

As soon as the einrenl of air is starteil test the ioniyiation 
current in the vi'ssel /-//, In all tliese mea'atrements on the 
ioni/ation elTect*. of tlie einanaiious use the steady tU*nection 
method t>f elft*l roineler nu*a‘an •ineiil flescrihefl in tJHp, If the 
c'lirreiU of air is maintainetl steady the i«tni/ation in PI I will 
1)0 found to increase fhuing (he thst few minutes Imt will soon 
roac'li a steady value and remain consianl as long as the air 
current is maintainefl. Replace the tube Iniween J) and P, by 
another one containing a «|nan!iiy of glass Wf«>I ami refloat the 
experiment. K'ote th.'il the ioju/ation in I'U is praetieally tiie 
.same as hefori*. Again replaci* die inhe et»ntaining the glas.s 
wool hy a wa^h In title containing water, so that the current of 
air and emanation will have to hnhhle tlirongh the water on the 
way from (* to /•//, an<l again lest the ionization in PK. PraC“ 
licnlly the same value for the ionization .slundd lie found 
before. 
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Once iiKirc’ rt'i)l.'UT tlu- wash liotllc hetwofn P and It hy an 
insulah'd metal lube 20 or 25 cm. lon^^ and 2 ein. in diameter, 
containin{:f an insulated eleelrfxle alf»n|^ tin* axis of the tube 
similar to the one described in lOtablish a elec- 

tric field hetvven this electrode and the tnhi' and a^min repeat 
the ionization tests in /' 7 /. Note that the inni/atiim current in 
PII remains practically the same as befnre. 

These experiments clearly show that the p:aN in the tube C 
which is carried into VI! ]>osst'sscs some property in addition 
to being simply ionized, for if we compare these experiments 
and their results with similar ones performed with uranium 
(§85) and with Rontgen rays '■'''■>' essential 

difference is presented. In the case of the gas being merely 
ionized by Rilnlgen rays or rays front uranium the ions were 
all removed by passing thnntgh wiiol or water or an electric 
field and no ionization appeared in the testing vessel beyond, 
but in the present instance the intnnhiction of the glass wool 
or water or strong electric field pnuhtceil practically u«> eflect. 
It cannot therefore be. merely ions which are conveyed aUuig 
with the air, for they would he retttiwed hy these agents, hut 
it must he something which is capahle of producing ions after 
it reaches the vessel VIL 'The emanation mixed with the air 
behaves just like an (wdlnary gas in passing through glass 
wool or a licpiid and it is not charged as itms are, feu- it is 
unaffected on passing through an electric field. Many other 
experiments confirm this gaseous nature of the etiuuialioii. 

123. Diffusion of Thorium Emanation through Solids. In 
a lead plate about 6 mm. thick cut a shallow depression j or 3 
mm. deep and 6 cm. septarc. I'ill this with thorium oxide and 
cover it with two or three thicknesses of ordinary foolscap 
paper and carefully wax down the edges to (prevent any escape 
around the edges. Place this in a clo.sed testing ves.sel t»f the 
form shown in Fig. 50, which should he perfectly free from 
any air currents. Allow it to remain for ten mimiles tir so 
and then test the ionization current helween the plates. The 
strong ionization produced cannot be due to the ordinary a 
rays of the thorium, for they will be practically all cut off hy 


'I ltdKn'.M lat ANA ! I(»N 


the ])aj)er and the ioniz.alinii will lu' fniind tcm slrmijL;;' to )h> 
accniintc'd for Ity tiu' }{ or y rav'., 'The finanatinu must tluTr 
ft)rc (lilTusc llu'on^li the paper and ioui/f the |,;as ahove it. 
Repeal this test. U‘-iiij.p itisti-ad ot paper, a slu'et of almiiin- 
iuni foil ahotil .<Hie em. (liiek, (Jtiite a larj^e tptanlilv of enia 
nation will he found to penelratt' ev<*n this fhiekui'ss, whieh 
would lie .sultit'ieul to cut oil pjaelirally all llie t ra\s from 
tlitiriuin. ( hher snh'tanees in veiy thin sheets MU'h as eaj’d 
hoard, nu’ea, ete., uiipli! ahn he irjeil. 'The emanation will he 
found eapahle <d’ dillnsiu.e; thrim|4h ;i munhei' of dillrtfut suh 
slanees Just as an oithnai'v pas wotihl do. 


tion. Suiee the emasiatiou j% distnlniied throu^diout the ^as 
surrottudiuf^ the ihorinui tin* raeiiatiojis eniilted hy the emanU' 
tion arise from all }>oinls tlu<tU|'hoj!i the volume of the gas. 
In order to eHamine the nature of these radiations e\peri 
mentally speeial methods uun t he u .e»| in or<ler to eoni'me the 
einaualiou within a ileiinile spare and to ioni/e a eietinite 
volume of air free from the iiuanatimj. 'This may he done 
hy the following uu'theid due t(t Rutherford, 

Ali is a lead ho\ ( log. fi5» ahout 15 em. srpiar'e arid i em. 
deep. In the lop of ihr’ ho\ ent a lade .ahoul 7 em. sipiata* 
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anti eover it with very thirt ttiiea not more than nlumt .0015 cm, 
thick ntitl carefully vvav flown the eilgcH. Ilehu'c clfjsing the 
box wrap a cpianlity of thftiinm »»\i«le in paper ami place it in 
the hox in the position tnurked 7 ‘ remote from the mica 
window, so tlint it itiav lie shieldcil Iw the letul and so tlrat 
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This curve follows an exponential law similar to (he recovery 
curves for uranium an<l tliorium and, tisiiii; the usual notation, 
may be expressed by the ecpiation : /'„(t - -c This 
curve and the decay curve for the emanation hear the same 
relation to each other that the recovery curve of thorium l)ears 
to the decay curve of thorium X. 

What is the sif^'iiiticance t)f this rise of activity? 'riie. 
thorium is continually emillin}^’ emanation, .ami when the 
thorium is introduced int(t (he tcstiiij^' vessel the amount of 
emanation g’radually increases, as it is not .allowcil to esca])e 
from the vessel. If the emanation did not decay it would 
continue to increase indeCmitely, but sinci' it decays with lime 
the increase continue.s until the amount pro<huaal pcT second is 
equal to the amount winch disajqiears per secoml, and there- 
fore the activity ga-adually ri.ses until an ei|uilihriiun stale is 
reached and the activity tlien remains constant as lonj;’ .as a 
constant supply of emanation is avail, ahlia 'I'Ik- period of rise 
of the activity, that is the lime laainired (o rise to half its 
maximum value, is ecpuil l<» the periotl of decay, namely, lifly- 
foiir seconds. 

127. Radium Emanation.- 'Not lon^' .after the discova-ry of 
thorium emanation it wa.s .shown that r.adinm eompounds also 
give rise to an emanation possessing pnipeiiies very similar 
to the thorium emanatiou. ( )ue respect in which llu-se two 
emanations differ markedly from each other is in tiu' nile of 
decay. The emanatinii from radium takes a mueh longer 
time to decay than that from thorium. Somewhat special 
methods must be used in testing this dee.'iy of radium emana- 
tion, owing to the fornmlion of vvh.'il is known as exeiterl 
activity, which will he discussed in the billowing ehapliT. If 
a quantity of emanation wc're inlrodueed into a testing vessel 
and allowed to remain and the activity measuretl Ijy tlie method 
used in the case of thorium Ihi.s e.xeited aelivily whieli gives 
out radiations would be formed .so (juiekly that the result wotdd 
be complicated. The effect due hi tliis excited activity may 
be eliminated by the following method. 

Radium chloride dis.solved in water gives off nmeli larger 
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(Itiantitics of c'lnanation than in the solid state. Slowly bubble 
air Ibrou^'h sneli a solution and collect the air mixed with 
emaiiatiou in a holder over mercury. As soon as the gas 
holder is tilled draw otT a measured amount of this air mixed 
vvith enianatiou in a gas pipette and introduce this meas- 
ured (piautity into a testing vessel of a form similar to the 
one shown in h'ig. t'-j, which must be air-tight. Measure imme- 
diately the ionization current and then blow the air and emana- 
tion out of the vessel so that it may not remain in the vessel 
any length of lime. At intervals of twelve or fifteen hours for 
a ])eriod of about twi'iity-live or thirty days repeat this opera- 
tion, drawing off the .same measured amount of air and emana- 
tion, introducing it into the testing ve.s.sel and measuring the 
current. Plot the usual current-lime curve and note its simi- 
larity to till' corresponding curve for thorium emanation. In 
this instance, however, the perioil of decay is very much longer, 
being 3.75 days instead of tifly-four .seconds. This difference 
in period very clearly differentiates lhe.se two emanations. 
I'he activity of the radium emanation Is due to the emission of 
a r.'iys just as in the c;ise of thorium emanation. 

128. Rise of Activity of Radium. — Di.ssolve a .small quan- 
tity of radium chloride in water and bubble a current of air 
through the solution for a few hours, .so as to remove the ema- 
nation from it. 'I'hen evaporate the .solution to dryness and 
test the activity of the residue. 'Pest this activity at intervals 
of twelve or fifteen hours and observe the gradual increase 
with lime. t'oiUinue these tests over a period of about twenty 
or twenty five days and jdot the u.sual current-lime curve, 
'i'his curve should be found to be complementary to the decay 
curve, as in the ease of thorium and the rate of recovery of 
activity eijual to the rale of decay of the emanation. Thi.s, 
of course, is due to the gradual production of emanation, which 
aeeunmlates until an equilibrium slate i.s reached, when the 
rate of production is equal to the rate of decay. 

129. Actinium Emanation.- Actinium compounds also give 
rise to an emanation possessing properties similar to the other 
emanations. 'Phe most distinguishing charactcri.stic of it is its 


EMANATIONS 


19S 

period of decay, which is extremely short and consequently 
somewhat diflicnlt to measure. It decays to half value in the 
short period of 3.7 seconds. Like the other emanations, its 
activity is due to the emission of a rays. 

130. Effect of Conditions on Emanating Power.— 'Hie dif- 
ferent compounds of thorium vary greatly in the amount of 
emanation given off under ordinary conditions. Although the 
percentage of thorium pre.sent in a given weight of the com- 
pound may not be very ditTerent in the various compounds, yet 
the amount of emanation given olT hy eipial weights of the 
different compomuls varies enormously, h'or instance, thor- 
ium nitrate in the .solid form emits only about ’/joo as much 
emanation as the .same weight of thorium hydroxide. Lven 
different preparations of the same eompound vary somewhat 
among thcm.selves. The o.xide of thorium is one of the most 
powerfully emanating compounds of Ihorium. 'Phe dilTerent 
compounds of radium also show dilTerenees in emanating 
power. 

The amount of emanation given off is, however, independent 
of the nature of the gas surroimding the emanating hotly. If 
the ionization current due to the ray.s from the emanation he 
measured in different gases it will of ctuirse vary with the 
nature of the gas, hut thi.s is due to the dilVerent amount of 
ionization produced in different gases by the same ray.s, anil 
not to any difference in the amount of emanation present. 

The rate of cmis.sitm of emanation i.s also independent of the 
pressure of the ga.s. Wrap a quantity of thorium oxide in 
paper to absorb the a ray.s given out liy the [luirium itself and 
place it in an air-tight vessel of the form represented in h'ig. 
50. Measure the saturation current at dilTerent pressures and 
it will be found to vary directly as the pressure. But the 
ionization produced hy any radio-active source is proportional 
to the pressure and therefore the source in this instance, wliich 
is the emanation, must he independent of the pressure of 
the gas. 

The emanating power of a compound of thorium or radium 
depends upon the state of moisture of the gas surrounding the 
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compound. The emanating power is greater in a moist gas 
than in a dry one. The introduction of moisture into the sur- 
rounding gas will increase by several times the amount of 
emanation given ofT. 

If the emanating compound be placed in solution the emanat- 
ing power is enormously increased. In some cases it will be 
increased several hundred times by simply dissolving the ra- 
dium or thorium cojupoimd in water. Experiments show that 
this is really not due to a difference in the rate of production 
ill the solid form and in the dissolved state, but that in the 
solid form the emanation when produced is occluded in the 
solid and not allowed to escape so rapidly, while in the solution 
it escapes much more easily. Therefore, to obtain large quan- 
tities of emanation it is always advantageous to place the 
emanating compound in solution. 

"i'emperature is a very important factor in connection with 
the emanating ]iowcr of different compounds. If ordinary 
thoria, for instance, be placed in a platinum tube and gradually 
healed uj) to a dull red heat the rate of emission of emanation 
will gradually increase to several times its original value and 
will continue to escape at that rate if the temperature is main- 
tained constant. When the temperature is lowered again the 
rale of emis.sion of emanation will return to its original value. 
Also if the. temperature is reduced to the neighborhood of 
■— 80" C. the emanating power is reduced to only a small frac- 
tion of its value at ordinary temperatures, but is restored again 
when the temperature returns to its ordinary value. 

J f the thoria, far instance, in the platinum tube be heated to 
a white heat, a remarkable change takes place. At this high 
temperature the emanating power is greatly decreased and on 
cooling the thoria does not regain its emanating power, but it 
is permanently reduced to only a small fraction of its original 
value. This de-emanating, as it is called, of the compound is 
permanent, but its original power of emitting emanation may 
be restored by dissolving the compound and then separating it 
from the solution. Radium compounds may also be de-emanated 
and afterwards restored by a similar process. 
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1 31. Condensation of the Emanations. — ^'Thcsc einanaticMis 
act in all respects like gases. One of the most conclusive 
proofs of their gaseous nature lies in the fact that they may be 
condensed by very low temperatures. Rutherford and Socldy 
were the first to show this experimentally and used the fol- 
lowing method: The radium emanation is stored in a reservoir 
R (Fig. 66) and may be forced out of the reservoir by raising 



Fig. 66 . 

the level of the liquid. This is connected through the stop- 
cock .S’ to the horizontal tube above through which a steady 
stream of gas may be sent from a gasometer ami on its way 
passes through a bulb B containing drying material, CDE 
is a spiral made from a copper tube of a total length of 31Q 
cm. and internal diameter of 2 mm. /' 7 / is a cylindrical test- 
ing vessel of the usual form containing an insulated electrode 
Kj so that by connecting this electrode to the electrometer and 
the cylinder to a battery any ionization current produced in the 
cylinder may be measured. If the stopcock 5 be opened ami 
the liquid in R be raised while a slow stream of gas is passed 
along the horizontal tube the emanation will be carried 
through the spiral D and into FH, where an ionization 
current will be produced. If the copper spiral D be im- 
mersed in liquid air the emanation will not reach the ves- 
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sel FH, as will be indicated by the fact that, although the 
current of gas is still (lowing, the ionization current in FH 
ceases. If while the spiral D is immersed in the liquid air the 
slo])C()ck S be closed so as to shut off the supply of emanation 
and then the spiral be removed from the liquid air while the 
stream of air through the .system is still flowing, there will 
be, shortly after removal, a sudden movement of the electrom- 
eter needle indicating a sudden production of ions in FH. 
These experiments show that when the spiral tube is immersed 
in the licpiid air the emanation which previously passed through 
along with llie air is condensed and remains in the spiral, but 
when removed from the licjuid air and its temperature allowed 
to rise the emanation volatilizes and is then carried over into 
FH and manifests itself as usual by producing ions. 

The temperature at which the emanation volatilizes was 
determined in the following manner: A current of about 0.9 
am])ere from a storage battery was sent through the spiral by 
leads soldered to the points a and b and this current was meas- 
ure<l by a Weston ammeter M. Two potential leads were 
soldered to the points c and d and the potential read by a milli- 
vollmeter N. Any change of resistance in the spiral due to 
change of temperature could be determined - from the current 
and droj) of potential. The copper spiral was thus used as a. 
resistance thermometer, and was carefully calibrated by meas- 
uring its resistance at the known temperatures of the boiling 
and freezing points of Hcpiid ethylene and the boiling point of 
]i((uid air. After calibrating the spiral a quantity of emanation 
was condensed in it by immersing it first in a liquid ethylene 
bath and then still further cooling this bath by liquid air. The 
temperature was then allowed to rise slowly, and when the 
emanation made its appearance in the testing vessel FH the 
temperature of the spiral was determined. It was found that 
the radium emanation volatilized at —-150° C. 

'Thorium emanation, on account of its very rapid rate of 
decay, presents con.siderable difficulty in the determination of 
the temperature at which it condenses or volatilizes. In the 
time rec|uired to make observations a very large proportion of 
its activity will have decayed and consequently it is extremely 
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difficult to make definite measurements. By using special 
methods however Rutherford and Soddy found that the thorium 
emanation began to condense at — 1-20'’ t'., hut that some of 
it might escape condensation even as low as — - 150" C. 

132. Decay of Emanation at Low Temperatures. The rate 

of decay of the activity of these emanations at the temperature 
of liquid air, that is, while tliey are condensed, has also been 
determined, and it is found that the rate of decay is unaltered 
at this very low temperature, and even the fact of the ema- 
nations being condensed does not alTect the rate of decay. The 
activity of the emanation in the condensed form dc'cays at just 
the same rate as in the gaseous form. 

This may be easily tested in the case of radium emanation. 
Pass a known quantity of emanation through the system (Fig. 
66) into the testing vessel at ordinary temperatures and meas- 
ure its activity. Then condense an ecpial ([uantity in the .spiral 
and leave it in the condcn.sod state for a known interval and 
then after allowing it to volatilize pa.ss it into tin* testing vessel 
and measure its activity. Repeat this at increasing intervals 
and determine the regular decay curve, h'or this purpose the 
emanation should be derived from a constant source, that is, 
from a vessel containing a solution of a radium comi)ound 
which is continually giving olT fresh emanation, for if the 
emanation be stored in a separate vessel its activity will of 
course decay and the source of activity will not he constant. 
Similar results may be obtained with llKudum emanation, hut 
the experiments have to he made very rapidly and by special 
methods as the rate of decay is .so extremely rapid. 

133. Phosphorescent Action of the Emanatlons.—'The ema- 
nations show marked phosphorc.sccnt phenomena similar to the 
phosphorescent action of other radio-active bodies. This may 
be shown by placing a small (juantity of moist radium bromide 
on a zinc sulphide screen. The luminosity will spread over the 
surface of the screen as the emanation dilTuses around and 
the luminosity can be made to move about by gently blowing on 
the screen. If the moist radium compound be. placed in a glass 
tube and a sti*eam of air passed through the tube a zinc sul- 
phide screen placed at the month of the tube will be brightly 
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illuminated by the emanation. A variety of materials show 
this phosphorescent action when the emanation comes in con- 
tact with them. 

This action is also quite marked at even the low temperature 
of liciuid air, which may be demonstrated in a very interesting 
manner. Tlace a (juaiitity of willemite crystals in a glass U 
tube of a 1 )out 8 mm. diameter. Connect this to a reservoir 
containing a supply of radium emanation. Immerse the U 
tn1)e in lifiuid air and pass a ([uantity of emanation through the 
tube. The emanalion by being condensed will be left behind 
in the tube. If the tube be removed from the liquid air it will 
be found that the crystals nearest the end where the emanation 
entered the tube, show luminosity while those at the other end 
do not. If the ends of the tube be closed and the temperature 
allowed to rise this luminosity will gradually diffuse throughout 
all the contained crystals. This indicates that the emanation 
by being condensed near the beginning of the crystals does 
not reach those farther along the tube, and produces luminos- 
ity at this point even at this low temperature, but when the 
temi)erature rises the emanation volatilizes and is able to 
dilTuse tliroughout the tube and produces phosphorescence 
in the remaining crystals. The movement of the emanation 
through the tube can thus be followed by the eye. 

After the volatilization takes place and the tube is filled with 
llie c'manation it may he partially concentrated at any point by 
applying to the outside of the If tube a piece of cotton wool 
saturated will) litpiid air. The tube is thus cooled locally by 
the litiuid air and the emanation condenses and is concen- 
trated «it that point. 

134. Source of the Emanations.— -In a thorium compound in 
e<inilil>riiim both thorium and Tli.X arc pi'esent. Which 
of lliese is the direct source which gives rise to the emana- 
lion? If the Ihorium X he separated in the usual way 
from the thorium compound the thorium residue even in 
solution will at first emit no emanation, but the solution 
conlainiiig the Tli. X will possess unusual emanating power. 
Not only so, but the thorium residue will gradually regain 
its enunialing power, while the Th. X gradually loses its 
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power of emitting emanation. The rate at which the tho- 
rium regains its emanating power is the same as the rate 
of decay of tlie emanating ikavci* of the Th. X. In addition, 
these rates of recovery and decay of emanating powen* are 
exactly the same as the rates of recovery and decay of the 
radio-activity of tliorinm and 'Hi. ,\ respectively. 'I'hese re- 
sults show then that, since no emanation is i)rodnced just after 
the Th. X is removed and the 'Ph, X itself possesses strong 
emanating power, and besides, since the rise of activity of 
thorium residue is due to the production of Th. X and also the 
thorium regains emanating power at the same rale that its 
activity is regained, that is at the same rate, that 'Ph. X is 
produced, the emanation must arise directly from the "Ph.X 
and not from the thorium itself. Since the activity of the 
Th.X and its emanating power decay at the same rale the 
activity of Th.X is tlierefore proportional to its emanating 
power. According to the theory of successive changes then 
the production of emanation must be a result of the decay of 
Th.X, that is, the Th.X must be gradually changing .spon- 
taneou.sly into the emanation. 'Ph. X and the emanation have 
distinct chemical and physical properties and have ([uite dis- 
tinct rates of decay, one being 3.7 days and the other 54 
seconds. They arc therefore entirely distinct sul)stances. 

Similar remarks apply to Act. X and actinium emanation. 
The latter arises directly from the Act. X. 

There is a difference in the case of radium emanation, for 
no substance has as yet been discovered in connection with 
radium corre.sponding to Th. X or Act. X. As far as is known 
there is no such product as radium X. Radium emanation, 
unlike the other two, arises directly from the radium itself 
without any other product intervening. According to the same 
theory the radium is continuously changing into emanation, 
but as will be seen later the rate of change is extremely slow. 

Since these emanations are decaying at a more or les.s rapid 
rate they must, on following out this theory of successive 
changes, be going through a similar process of transformation 
into some other product. This will he seen in the following 
chapter to be the case. 
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135. Active Deposit. — If a solid body be exposed 
vessel to tlie emanation from thorium, radium or actiiimi^ 
its surface Ijeeonies coaled with an extremely thin, solid deposit 
of malc'rial which is intensely radio-active. This active de- 
posit^ as it is called, is a very extraordinary substance and 
possesses remarkable pro])erties, the study of which has thrown 
an immense amount of H^dit on the processes going on in radio- 
active l)0(lies. 

In an air-tight vessel, Fig. 67, about 25 cm. square place a 
heavy lead block (' about 8 cm. s([uare and 12 cm. high. In 
the top f)f this cut a recess into 
which a .small beaker J) may fit. /f 
In this beaker ]nit a solution 
of either a thorium or radium 
compound. At different posi- 
tions, .such as /{, /'" and II, ]ilacc 
plates of metal about 3 or 4 
cm. .scjuare and clo.se the vessel 
and leave them for six or eight 
hours. At the end of this time 
remove each of the jilates separately and placing them in 
a testing vessel of the form in Fig. 50, test them for radio- 
activity. Observe that they are not only radio-active, but 
that the plates from the different positions in the vessel 
possess practically the .same amount of radio-activity when 
tested immediately after removal from the vcs.scl AB. These 
plates have thus acfinired radio-active properties while in the 
vessel. 'Phis aeciuired property cannot be a result of the direct 
radiations given off by the radio-active body in D, for the 
TJ .tfUn.li irf^lxr fmtn Ihcsc ravs bv the 
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of the rays. It must he due to something whieli is distri 1 )utcd 
equally throughout the vessel and the only radio-active material 
which is thus equally distributed is the emanation. 

Make a similar test for plates made of other mali'rials, both 
conductors and non-conductors. 'I’lie amount of activity ac- 
quired in the same time .shcmld he practically eiinal in all cases. 
This acquired radio-activity therefore does not depend upon 
the material on which it is dei)(isiled. 

136. Concentration on Negative Electrode. In an air-tight 
metal vessel AB, Fig. 6R, place a quantity of powdered tho- 
rium oxide or a solution of radium bromide contained in a 
glass crystallizing dish. '’J’he top of the vessel should consist 
of a plate which is removable. In the to]) of this plate insert 
a short metal tube al) about 2 cm. in diameter. Make an 
ebonite stopper to fit this tube ami jiass a stout wiia* D through 



this ebonite stopper. Place the wire in position and close the 
joints in the cover with wax and connect the wire to the 
negative pole of a battery of two or three hundred volts while 
the vessel AB is connected to the positive pole, of the. battery. 
Allow the system to remain thus for several hours. Then 
remove the ebonite stopper and wire (closing the tube with 
another stopper to prevent the escape of emanation) and test 
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the activity of the wire in the testing vessel (Fig. 50) and note 
that it is intcn.scly radio-active. Repeat the experiment for 
tlie same length of time, Init in this case connect the wire to 
the positive pole and the vessel to the negative pole of the 
battery. On testing the wire after the same time of exposure 
it should be practically free from any activity if it has been 
exposed to thorium emanation, but will possess a very little 
if radium emanation were used. Repeat the experiment again 
without connecling either wire or vessel to the battery. On 
testing the wire under tliese conditions it should possess some 
radio-activily, 1)ut not nearly so much as when the wire was 
charged negatively. 'This active deposit from whatever source 
it is derived may he concentrated on a negatively charged 
electrode but not on a positively charged one, except to a very 
slight extent in the case of radium. By this method of con- 
centration a thin wire may be made several thousand times 
more active ])er unit area of surface than the active compound 
from which it is derived. 

d'liis radio-activity wliich is thus produced in a non-active 
body by e.xposnre to an active substance is usually called e.r- 
cited radio-activity. It will be shown later that this activity 
arises from a material deposit called the active deposit. 

1^7, Source of Excited Activity.— -It has been noted inci- 
dentally in § T35 that the emanation is the most probable source 
from which the excited activity can arise. This conclusion is 
confirmed by a further study of the conditions governing its 
production. 

In the Ijollom of the apparatus, Fig. 68, place the thorium 
compound or the radium solution in a shallow vessel which 
may easily be covered over. Cover this vessel with several 
sheetH of pn(H*r which will cut off the a rays, but will allow the 
emanation to diffuse through. Connect the central wire to the 
negative pole a.s before and after a sufficient time test for the 
concentrated activity on the wire. It will be observed that 
the cutting off of the a rays produces no diminution in the 
amount of active deposit on the wire. The active deposit can 
not arise then from the a radiation emitted by the thorium or 
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radium. Now cover the ve.s.sel with a .sheet of mica and care- 
fully wax it down to make it ^ras-tight, .so that no emanation 
at all may escape, and repeat the previous test. Observe that 
this time no excited activity is ohtaiuecl on the wire, 'riiis 
indicates that the emanation is essential lo the prodnetion of 
the active deposit. This conclusion is further supported hy 
the fact that uranium and polonium, which do not emit any 
emanation, do not produce any active deposit while radium, 
thorium and actinium, all of which j^ive out emanations, pro- 
diice excited activity in lH)dies exposed to their emanations. 
In addition to these fads the amount of excited activity iiro- 
ducecl is always pro])oiTional to the amount of emanation 
present. This fad may he very easily .shown in the case of 
radium emanation, since it has a loii}^ period of decay. Store 
a quantity of radium emanaiimi mixed with air in a reservoir 
and at intervals of .six or eij:,dii hours introduce a measured 
quantity of emanation into the ve.ssel of h'iij;'. (iH, and concen- 
trate the active d(.'posit on the central wire. At each suc- 
cessive interval the amount of excited activity produced on the 
wire will he found to be less than the amount deposited diiriii}; 
the preceding interval. '"I'lie rate at which the lunanalion 
decays with the time has already been measured, and if the 
amount of active deposit he measured by the current which it 
produces, at each .succeeding interval it will he found to he 
proportional to the amount of emanation present at the corre- 
sponding time. If the diflerent emanating bodies he examined 
it will be found that the amount of excited activity which they 
arc capable of producing is always proiiortional to their ema- 
nating power. 

This accumulation of fads shows conclusively that the* active 
deposit must arise from the emanation in each case. In the 
light of the theory of successive changes, as will he shown 
later, the emanation in decaying is really changing into the 
active deposit which forms a further link in the chain of suc- 
cessive transformations, 

138. Decay and Rise of Excited Activity from Thorium.- - 
Expose a negatively charged wire in the ve.ssel of IHg. 68 con- 
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taininff thorium oxide for a period of twelve or fourteen hours. 
Then remove it and place it in the testing vessel of Fig. 50 and 
test its activity at intervals of about four hours at the begin- 
ning and later at somewhat longer periods. Plot a time- 
activity curve. The activity will lie found to decay as the time 
advances and the form of the decay curve will show that the 
decline in activity takc-s place according to an exponential law 
of an exactly similar nature to that representing the law of 
di'cay in the otiu'r radio-active products already studied. The 
time reciuired for the excited activity to fall to half value will 
he o1)served to he eleven hours. 

j':x])ose a Tresh negatively charged wire to the thorium 
emanation for an interval of only one hour, and, removing it, 
test its activity as (|uickly as po.ssihlc. Replace it as soon as 
possible in the emanation again and leave it for another hour, 
and remove and test again as ((uickly as possible. Repeat 
this at intervals of two or three hours for a period of about 
twenty or thirty hours, and after that at longer intervals for 
about three days. Plot a time-activity curve and observe that 
the activity gradually increases with the time of exposure to 
the emanation until it reaches a steady maximum. Note also 
that, except for a little irregularity at the beginning, this curve 
is complementary to the decay curve obtained above. These 
two curves hear to each other a relation exactly similar to that 
which the decay and recfwery curves for Ur. X, Th. X or the 
emanali(»ns, hi-ar to each other. It takes time for the active 
deposit to he i)roduced fnnn the emanation and the amount 
erf the depfjsit, as measured by the excited activity, increases 
until the ecpiilihriimi state is reached, when the rate of produc- 
tion is etpial to the rale of decay. 

In all the measurements on the excited activity great care 
must he taken to ensure that the air in the vessel containing 
the emanation in which the wire is exposed is free from dust, 
as (hist iiarlicles cause the active deposit and its activity to act 
in a very capricious manner. 

If instead of cxpo.sing the charged wire to the emanation 
for a period of several hours the interval of exposure be 
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reduced to only a few niiiuites a dilTeronl ])lK'noineuon preseuls 
itself. Expose the ncf^atively cliarj^'ed wire in the emanation 
vessel for about thirty-live or forty ininules and remove it and 
test its activity at short intervals of Iwenly minnles or so, 
and plot the usual time-activity curve. It will lie found that 
the activity, instead of heginninjj^ to <lecay after ri'inoval, at 
first increases in a marked tlepTce for three or four hours 
until it reaches a maximum, and after that decays aecordinjy to 
the ordinary exponential law, decaying' to half its maximum 
value in the same time as before, namely eleven hours. 1 f the 
time of exiiosure be made a little lonpvr this initial rise after 
removal will not be .so marked, and the lonp,'er (he exposure 
the less marked will this initial rise in activity be, until for a 
lonpt exposure, as already seen, the decay bep’ins immediately 
after removal and no initial rise is observed. 

139. Explanation of the Decay Curves of the Active Deposit 
from Thorium.— -The marked dilTerence between the decay 
curves for a short and a lonpf exposure indicates that the 
process of transformation, according: to the p'cneral theory of 
successive changes, is in lliis instance somewhat more compli- 
cated than in the cases jn'eviously studied. Since, in the ca.se 
of the short-exposnre, the activity at llrst increases, there mnsi 
be a production of active matter after the removal from (he 
influence of the emanation. It appears as though there is at 
first a change taking place from either a non-aetive or vi'ry 
slightly active substance to a more active one to produce the 
increased activity. These phenomena may he very easily ex- 
plained on an a.ssnmption of die f(^llovving nature: Suppo.se that 
the active deposit is not a simple substance hut a eomi)lex 
one consisting of a mixture of at least two substances whieh 
have been named by Rutherford thorium A and tliorinm 11 , and 
suppose that thorium A arises directly from the emanation and 
is first deposited on the wire and then clianges into thorimn B, 
and finally thorium B then change.s into something else, (’or 
a short exposure the deposit will consist almost entirely of 
thorium A, as very little of it has had time to change into 
thorium B. If we also suppo.se that thorium A either gives 
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out no rays at all or rays which produce a very small amount 
of ionization compared with those from thorium B, then the 
activity at first will he very small, due almost entirely to the 
very small iiortion of thorium B present. If thorium A 
chaiif^vs into thorium 11, wliich in turn decays, then the activity 
will increase until a ma.Kinmm is reached, when the change of 
A into P) just balances the decay of H. d'hen beyond this stage 
as more atoms of 15 will change i)er second than are produced 
from A the total activity will gradually decrease. In the case 
of the long exposure this maximum has been reached before 
removal from the emanation, and conseitucntly no initial rise is 
observed. 

It w.as thought for some time after discovery that thorium 
A emitted no niys at rdl and it was termed a " rayless product, 
hut it has recently bc'en shown that it emits a .slow-moving type 
of ra3's whose ionizing j)uwer is very weak. These two 
suhstances have hi-en separated by .special means and have been 
.shown to he two distinct suhstance.s which have cli.stinct periods 
of changt', thorium A being half transformed in eleven hours 
while thorium 15 re(|uires only one hour. 

.Still more recently it has been .shown that thorium B is 
itself not a simple substance, hut consists of at lea.st two sub- 
stances winch have been called thorium T5 and thorium C, the 
former being the parent of the latter. Some very recent 
experiments of Hahn indicate that thi.s list may be still further 
extended to include another product called thorium D. Thor- 
ium 15 emits only a rays, while thorium C emits not only a rays 
hut very prohalily /I aud y rays al.s{». 

140. Decay and Rise of the Excited Activity from Radium. 

An examination of the active deposit from radium emana- 
tion shows an even more eomplieated .state of affairs than exists 
among the thorinm ])rodiiets. 'The decay curves measured by 
the (lilTereiit types of rays .show di.slinct differences and even 
the form of tlie curves indicate peculiarities not present in the 
curves for thorium. 

'File following Jiiethnd of obtaining the active deposit from 
radium for a .series of experiments will be found most con- 
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venient. Dissolve a quantity of raclinni l)roinicle in water in a 
bottle of about three times the cainacity of the solntion. Fit 
the neck of the bottle with an ebonite sto])per. 
Through a hole in this stopper pass a wire 
of somewhat smaller diameter than the hole as 
Ipfelf shown in b'ig. fig, and on this wire tit a collar 

l| ||l which will allow the wire to pass through the 

/ V \ stopper to a definite distance ahovi* the solntion. 
When in place the opeinngs in and around the 
stopper may he sealed with wax. Connect this 
central wire /I to the negative poh' of a l)attery 
of two or three hundred volts, while' the other 
pole of the battery is connected through a large 
resistance to earth. Connect the solution in the 
bottle to earth by the wire ,/l which diirs into 
the solution. 'I'he emanation collects in the 
space in the hcittle above the .solution and the 
active clepc^sit collects fin the charged wire 
suspended above the dissolved radium. 

Expose this wire for about twenty-fonr hours to the emana- 
tion, Remove it and make it the ceiitrrd elect rodi' // in a metal 
cylinder of about 4 cm. diameter, as shown tn log. 70. Make 
connections as shown in the diagram. Around the electrode // 
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and insulated from it and from the cylinder i.s a metal guard- 
ring rr connected to earth to prevent any leakage from the 
battery to the wire. Using the steady deflection method meas- 
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ure the activity of at intervals of about two minutes for a 
period of about one and a half hours and plot the usual 
decay curve. In the meantime, while these measurements are 
heinj;' made, exjio.se a similar wire for a period of about an 
hour and then determine, its decay curve as soon as the first 
delerminaliou is finished. Make a third exposure of ten 
minute.s and delennine the corre.sponding- curve. Plot these 
curves on the same scale and compare them. The ionization 
current in these casc-s is due almost entirely to a rays which 
mip'lit he tested if desired by the usual ab.sorption method. 
Note the rapid initial drop in the curves and then the slower 
rate of decay for a time, and then afterwards the’ rate beg’ins- 
to increa.se a.Lfuin. Observe that the shorter the exposure the 
slower is tlu' rate of decay after the initial rapid drop. 

Now repeal these e.\i)eriments for exactly the same times 
of exposure, hut instead of measuring the activity by means of 
the a rays, using an electrojueter, te.st the activity by means of 
the fi rays emilted by the active de])osit. To do this use an 
electroscope of Ihi' type shown in Fig. 14, and cut a hole 
in the hottom of this electro.scope and cover it with a sheet 
of aluminium foil thick enough to absorb all the a rays, and 
(luTi i)lace the active wire just underneath the foil which will 
a, How tlu* (i and y rays to ])a.ss through and ionize the air 
inside the electroscope. 'J'he j3 rays will however produce, by 
far the greater part of the ionization. The decay curves 
measured by the fi rays will be found quite different from 
those measurc'd by the a rays, 'riie ^ ray activity of the 
deposit obtained by long ex])osurc will begin to decay at once, 
but comparatively slowly, while the activity of the deposits by 
.short exitoKure will at first increa.se to a maximum and then 
decrease. 1'he shorter the exposure the greater will be the 
increase, but after the maximum hs reached the rate of decrease 
will be practically the same for all expo.surc.s, even for the 
deposit by long expo.sure. 

'I'liese experiments .should be repeated once more, measuring 
the activity of the deposit by the y rays alone. To do this 
set the electroscope on a lead plate about 6 mm. thick, which 
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will absorb both the a and fi rays, and the ionization in the 
electroscope will be due to the y rays alone. ( )btain curves 
for exactly the same, times of exjjosure nsinp; the y rays. 
These curves will be found to be identical with those obtained 
from the fi rays. This shows that whatever the ehan^a's tak- 
ing place the and y rays always oeenr together. 

141. Explanation of the Decay Curves of the Active Deposit 
from Radium. — 'I'he i)ecnliar shape of the decay curves as 
determined by the a rays along with the totally dilTerent shape 
of those determined liy the (i and y rays indicate that the 
active depo.sit from radium must be very complex. 'I'lie a ray 
curves all show a very rapid initial decay for about the first 
ten minutes, followed by a very much slower rate for about 
thirty or thirty-five minutes, and this in turn is followed by a 
somewhat more rapid rate of decay. 'The and y ray curves 
.show, except in the ca.se of long exposure, an initial rise in 
activity for about fifteen or twenty minutes, followed by a 
decay. By a process of analysis partly theoretical and ])artly 
experimental and of a smnewhat lengthy nature, the details 
of which arc however beyond the .scoiie of this course, it has 
been .shown that the active deposit from radium emanation 
consists in the first instance of three distinct substances which 
have been named radium A, radium B and radium i\ Uadium 
A emits only a rays and in tlecaying changes into radium B, 
requiring only three minutes to be half transformed. Radium 
B emits and y rays and has a period of twenty-six minutes, 
while radium C gives out all three type.s of railiations and is 
half transformed in nineteen minutes. The fact that radium 
A emits no or y rays accounts for the initial rise in the 
^ or y ray curves for .short exposure, h’or a .short exposure 
most of the deposit con.sist.s of radium A, and therefore the 
ft or y ray activity is very small, due only to the small 
amount of radium B or C in'csent. Radium A changes 
rapidly into radium H, which in turn changes into radium Cl, 
both of which give out ft and y rays, and therefore the 
ft and y ray activity increases, until finally the rate of decay 
of radium C is greater than the rate of .supply, and therefore 
there is a total gradual decrease. 
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In the ease of the g. ray curves the a radiation from radium 
A rapidly decays as radium A changes into radium B which 
gives out no a rays, hut it in turn very soon changes into 
radium which again increases tlie supply of ct rays and 
l)revents the decay of the a radiation from being so rapid. 
But fmally all the radium A and B are changed into radium C, 
and as it changes the g ray activity again diminishes more 
rapidly. 

142. Active Deposit of Slow Change.— After the greater 
portion of the excited activity of the deposit from radium has 
disappeared, which, as wo have seen, takes place in a few 
minutes, there, remains a residual activity which decays ex- 
tremely slowly. 'I'liis residual activity is only a very small 
fraction of the original activity of the deposit immediately 
after renH)val froju the emanation. It varies somewhat with 
the conditions hut is of the order of about 1/300,000 part of 
the original activity, being under some circumstances much less 
tlian this and under others greater. 

If a i)latiniim plate he exposed to the radium emanation for 
a period of about a week and then removed and its activity 
tested the rapid decay of the activity already studied will be 
observed. After an interval of two or three days this rapidly 
decaying activity will have all di.sa])pearcd, but a small residual 
will remain. I f this residual activity, as measured by the 
n rays, be measured it will be found to increase very slowly, 
and C{)ntinue to increase for several months, but finally, after 
a long period, will api)roach a maximum. If, however, the 
activity be measured by the ^ rays it reaches a maximum in a 
nuieli shorter interval of only about a month. These results, 
along with otlior determinations extending over lengthy 
periotls, indicate that this residual active matter is a complex 
sul»stancc, consisting of slowly changing proclnct.s. The results 
of experiments up to date .show that this residual depo.sit con- 
sist of four distinct j)rodncts, which by analogy have been 
Tuuucd radium I), radium 1 C, radium V and radium G. 

'riic periods of transformation for these four products are 
very .slow coinpared with those for radium A, B and C. Ra- 
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dium D and radium E do not emit any rays, and arc therefore 
rayless products and are half transformed in forty years and 
six days respectively. Radium 1 ' emits and y rays and has 
a period of four and a half days, while radium (i emits only a 
rays and its period i.s 140 days, 'riiese four products are 
called collectively the active deposit of slow ehanp:e, while 
radium A, B and C form a group called the active deposit of 
rapid change. 

143. Active Deposit from Aotinium,-- A lu-gatividy charged 
wire exposed to the emanation of actinium receives an active 
deposit ])nssessing ])roperties very similar to the active deposit 
from thorium, d'his active <leposit from actinium may he 
studied experimentally in a mamu'r similar to that descrihed 
in the case of thorium, and it will he found (hat it is also com- 
plex, consisting of three distinct products which have heen 
called actinium A, actinium B and actinium C. 'The jieriods of 
transformation arc all comparatively short, being 3(» minutes, 
2.15 minutes and 5.1 minutes, respectively. Actinium A emits 
/? rays, actinium B only a rays, while actinium (' emits ft and 
y rays. 

144. Some General Properties of the Active Deposits. If 
a wire which is to he made radio-active is carefully weighed 
before and after exposure to the emanation no ditTerence in 
weight will be detected, no matter how long the exposure m;iy 
be, or if the active wire be examined under the microscope no 
trace of foreign matter will he observed. 'These facts alone 
might lead to the conclusion that wliat has been called a de- 
posit is really not of a material nature. Other Facts, however, 
show that it is really a material tlei)osil, hut is extremely minute 
in quantity and it would in all proha1)ility escape detection if 
it were not for its power of emitting radiations. If a wire 
carrying an active deposit, from radium he drawn across a zinc, 
sulphide screen a brightly luminous truce is left lichind, which 
continues for some time, indicating that sonic of the active 
matter is rubbed off and left on the phosphorescent screen. 
The deposit may also be partially rublied off the wire by rub- 
bing with a cloth, and almost completely removed liy rubbing 
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with sand paper, and after nibbing the deposit will be found 
on the sand paper. 

A large ])ortion of the deposit may also be dissolved off the 
wire hy dii)ping the wire in hydrochloric or sulphuric acid. If 
the acid he then evaporated the active deposit is left behind on 
the vessel and ha.s not been altered in its properties. The 
active deposit dccay.s at tlic same rate while in solution in acid 
as it does in the undissolvcd state. 

.1 f a wire containing the active deposit be heated to a white 
heat the activity disappears from the wire. The activity is not 
destroyed, for if the wire he surrounded by a cylinder while 
being heated the activity will be found on the cylinder after 
heating. This shows that at this high temperature the active 
dei)osit becomes volatile and is transferred from the wire to 
the cylinder, 

3:45. Some other Transformation Products.— Recent inves- 
tigations, some of which have extended over a considerable 
time, have revealed still other intermediate transformation 
I)ro(hicts belonging to these already large families of radio- 
active; .su])stances. An intensely active body which has been 
calleel radiolhorium has been found in the thorium family. It 
is intermediate l)etwcen thorium and thorium X, and is the 
immediate parent of thorium X. It emits a rays and has a 
period of transformation of 800 days. 

In addition to this there is another body existing between 
tlioriiun and rndiothorium, which was at first thought to be a 
single substance and was called mesothorium, but quite recently 
th is has been still further analyzed by Hahn and found to be 
complex, consisting of two substances for which the names 
mesothorium i and me.sothorium 2 have been suggested. 
Mesothorium i arises directly from thorium and is a rayless 
body having a ])criod of 5.5 years and gives rise to meso- 
thorium J which emits (i and y ray.s. Mesothorium 2 is half 
traii.sfornied in about 6.2 hours, and in .so doing changes 
directly into nidiothorium. 

Tu the actinium series there cxi.sts between actinium and 
actinium X a substance of similar properties to radiothorium 
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which from analogy has been called radiciactinium. It emits 
a rays and is the immediate parent of aetininm X. 

One of the most recent discoveries in tliis connection is that 
of a product which finds a place in the series between nranium 
and nraninm X. It has been proposed to call it radio- nraninin, 
and it is considered to be the immediate parent of nraninm X. 
Its properties have not as yet lieen completely investigated. 

From a variety of indirect evidence it has for a long lime 
been thought that there was a close relation betwi'en nraninm 
and the radium family. Many attempts have been made to 
prove this exjierimentally, but with .somewhat indifferent suc- 
cess. Recently however an active body which has been called 
ionium has been located in nraninm minerals and has beim 
pretty well proved to be the connecting link. It is thonght that 
this ionium arises directly from uranium X, and is in turn 
itself the immediate parent of radium. The nraninm and 
radium families then form one complete series with ionium 
as the connecting link. 

146. Theory of Radio-active Changes. I-'roin a study of 
the various radio-active substances individually and in their 
relation to one another we have .seen that there are a series 
of continuous chauga'S from one .suhstauee to another taking 
place which so far have never been observed in any other elass 
of materials. Each of these substances is entirely distinct from 
the others and has distinct physical and chemical properties. 
They are not permanent .substances however, but gradually 
decay, and each one has a di.slinct and (UTinile period of <leeay 
which is its most distingui .slung ])roperly and by which it is 
differentiated from all the others. I'hese changes from one- 
substance to another take place without the aid of any outside 
agency and in fact arc ])ractically unaffected by any external 
influence. How do tlic.se remarkable ebanges come about? 
Rutherford and Soddy were the first to otTer a satisfactory 
theory to explain these phenomena. The disintegration theory 
or theory of succc.s.sivc changes which they put forth in the 
year 1902 and which has since been developed is now the gen- 
erally accepted one. 
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Radio-active properties have been shown to he properties 
of the atom and not of the molecule, for the activity of radium, 
for instance, de])ends ii])on the amount of the element present 
and not upon its chemical combination with other elements. 
Accordin}^' to the ^ameral theory of J. J. Thomson an atom of 
any substance may he considered a complex structure con- 
sisting of positively and negatively charged particles in rapid 
rotation within its own system and held together by their 
mntual forces in e(iuilil)rium. For such a .system to be perma- 
nent it must he in stable ec(uilibrium. According to the disin- 
tegration theory this complex .structure, constituting the atom of 
radium (which we shall take as the typical example), becomes 
by some metins unstable and one of the positively charged a 
particles is suddi-nly e.xpelled with great velocity. This a par- 
ticle constitutes the radio-active radiation from radium. The 
structure of the atom which remains is now different and 
constitutes (he atom of a new .substance, namely, the emana- 
tion. These atoms of the emanation arc unstable and gradu- 
ally change by the ex])ulsion of another a particle from each 
atom. 'Phe remaining atom now in turn constitutes the atom 
of a new substance, nanudy, radium A. These atoms in their 
turn break up as before, changing into radium B and the 
{)ivHa'ss is continued throughout the successive changes. The 
processes are not identical in all instances, for in some cases 
an a jiarlicle alone is expelled hut in others negatively charged 
A particles are expelled accompanied by y ray.s, while in other 
cases the change consists in giving out all three types, a, /? 
and y rays. 'Phe production of one radio-active product from 
another consists, according to this theory, in the disintegration 
of (he atom by the expulsion of a positively or negatively 
chargei! particle or both owing to the .system of which the atom 
is composed laroming for .some reason un.stablc. The radio- 
active jiroperly cd the substances is the re.sult of this disinte- 
gration by expulsion of charged particles. The radio-activity 
is an accompaniment of the di.sintegration of the atoms. 

Why do these atoms suddenly become unstable and break 
up witlumt any apparent cause? Several explanations have 
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been offered to account for this, hut the most prohalde one 
seems to be that if this system of charf^ecl particles, of which 
the atom in all probability consists, is in rapid rotation it must 
be radiating energy, and when suflicient energy has hec'ii radi- 
ated the mutual forces of the system no longer balance and 
one or more of the particles escape and cause, disintegration. 

These atoms of the radio-active substances have an indei)en- 
dent existence and distinct physical and chemical properties, 
but they differ from the aUans of ordinary non-radio-active 
elements in the fact that they are not permanent. 'J'hesc pro- 
ducts arc however just as truly elements while they last as are 
the non-radio-activc elements. To distingui.sh these unstable 
atoms from the ordinary atoms the term metabolon has been 
suggested as a convenient name. 

We have observed in a few instances that the transformation 
products do not emit any rays at all, and the change from them 
into the succeeding .substance apparently takes plac.(' without 
the expulsion of any particles. These “ rayless ” changes may 
be explained in either of two ways. The new product may be 
formed simply by the rearrangement of the system of charged 
particles among them.selves within the atom without the ex- 
pulsion of any of them. The new atom may consist of the 
same set of particles arranged under a new system. This 
rearrangement may not take place with sunicient violence to 
expel any of the members of the system. 

Another hypothesis which would explain the rayless change 
is that it may be caused l)y the expulsion of one or more 
charged particlc.s, but with a velocity too slow to ioni?:e the gas. 
Experiments .show that when the velocity of the a panicle 
falls below io“ cm. per .second it ceases to ionize llie gas, 
and consequently an a particle expelled with a velocity l)elow 
this minimum would escape detection, .since it produces no ions. 
The so-called raylcss change thus might he caused by the ex- 
pulsion of an a particle with a velocity below the minimum 
necessary to produce ions. This hypothesis reccivc.s some .sup- 
port from the fact that in a few instances certain products 
were considered for a time to be rayless, but further investiga- 
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tion revealed the existence of slow-moving charged particles 
arising from them, which, being very weak ionizers, had 
escaped detection. 

The latter hypothesis suggests the possibility that all matter 
might he nndergoing a very slow change in a similar manner, 
and that the only reason this change has been observed in the 
so-called radio-active bodies and not in the non-radio-active 
bodies is that in the case of the former the charged particles are 
expelled with snfticient violence to ionize the gas, while in the 
latter case they may he expelled but not with sufficient violence 
to produce ions. To decide this question experimentally ap- 
pears to he practically impossible unless some means, other than 
at present known, of detecting such slow-moving particles be 
discovered. 

147. Summary of Radio-active Elements. — Since the dis- 
covery of radio-activity the list of radio-elements has grown 
rapidly. ( Hving to the persistent energy of experimenters in 
this line the list is continually receiving additions, and in all 
probability there still remain others to be discovered. In fact, 
during the writing of this book two new radio-elements have 
1 )een added to the list. The following table contains a sum- 
mary of all the radio-active elements at present known with 
some of their distinguishing characteristics. On account of 
the incomplete state, of the subject further experimental inves- 
tigation and still more accurate determinations will no doubt 
cause additions and alterations in connection with this table. 

The first column gives the elements in the order in which 
they are transformed from one to the other; the second column 
sliow.s the period rec|uired for the transformation to be half 
completed, while the third indicates the nature of the rays 
emitted by each product. 
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TABLE OF RADTO-ELEMENTS 



Transfer- 

Nature 

Radio-Active 

Transfor- 

Ntuure 

Products. 

tnatlon 

Period. 

of Rays 
Emitted. 

I’rodticts. 

nintion 

Period. 

of Knys 
lunitted. 

Uranium 

5X10® yeans 

a 

Thorium 

10’® years 

a 

F 



i 



Radiouranium 

? 

? 

Mesolhoriuinx 

S-S y-'ai'S 

Kayles.s 

4 . 



4 ' 


Uranium X 

22 days 

f 1 and y 

Me.sotlu)rium2 

6.2 hour.s 

p and 

i 



4 ' 


Ionium 

? 

a. 

Radititliorium 

800 days 

fX 




4 / 



Radium 

2000 years 

a 

Thorium X 

3.7 day.s 

rt 

4 . 



'I' 



Emanation 

3-75 days 

a 

Emanation 

54«ccoiid.s 

n 

4 ^ 



4 ^ 



Radium A 

3 minutes 

a 

Thorium A 

II l\our.s 

Slow/lrays 

4 ^ 



4 ^ 


Radium B 

26 minutes 

P and Y 

'I’horium H 

X hour 

a 

4 . 



4 * 



Radium C 

19 minutes 

a, Pf and y 

T'liorium C 

? 

«, p, ami } 

4 - 



4 - 


Radium D 

40 years 

Raylcss 

Thorium 1 ) 

? 

? 

(Radio-lead) 



4 . 



4 - 



? 



Radium E 

6 days 

Ray] ess 

Actinium 



4 ' 

? 

Raylcss 

Radium F 

4.5 days 

p and y 

4 ' 



i 

Radioaclinium 

19.5 days 

ft 

Radium G 

140 days 

a 

4 ' 



(Polonium) 


Actinium X 

Xo days 

a 

vl' 



41 



? 



Emanation 

3.7 seconds 

n 




i 






Actinium A 

36 minutes 

p 




4 * 






Actinium B 

2.15 minutes 

a 




i 






Actinium C 

5. 1 minutes 

p and Y 




4 . 






? 
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A Sl>I-CrAL METHOD OF ANALYSIS BY ABSORPTION 
CURVES. 

148. Ill (lie ])rc‘.senl cha])tor a brief account will be given of 
a .special exjierinienlal method of radio-active measurement 
wliich lias been used to great advantage and which has led in 
some inslances to im])ortaiit di.scovcries. 

149. Homogeneous Source of a Rays.— In several important 
investigations on a rays, e.specially those involving accurate 
r(uantitalive determinations of their constants, it is very neces- 
sary to have a homogeneous source of a rays. This cannot 
be obtained from the ordinary radium compounds in equi- 
librium, for these comjKmnds arc complex, the different con- 
stituents emitting rays of different velocities. A very con- 
venient .source is furni.shcd by the active deposit from the 
radium emanatitni. If a fine, copper wire be exposed to the 
raiHum enianation for about two hours an active deposit, con- 
sisting of radium A, H and C, is the re.sult, of which radium 
It emits no a rays, so that all the a rays come from radium 
A and I'. Hut the activity of radium A very rapidly decays, 
ri'aching half value in three minutes, so that at the end of 
about fifteen minutes after removal from the emanation ra- 
dium A has iiractically disappeared and therefore radium C 
is the only source of a rays, which thus furnishes a homo- 
geneous .source. 

Radium (' deposited in thi.s manner has other advantages as 
well. It may be deposited on a very fine wire, and therefore 
a .source of very small dimensions may he u.sed. In addition, 
the coating of deposit on the wire is so extremely thin that 
there is no absorption of the rays due to pa.ssage through the 
active material. 

'Phere is one slight disadvantage in regard to this source 
owing to the fact that its activity decays with time. This how- 
ever is not serious, as the rate of decay has been so carefully 
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determined and this determination may be repeated in each 
case simnltancotisly with the other measurements if necessary, 
that the rate of decay is known and thns the, n-adiu^^'s can 
always be corrected for a constant source. 

This source of a rays has been utilized in a number of im- 
portant determinations, vSnch as the inajj^nelic and cT'ctrostatic 
deflection of the a rays in the determination of the velocity 
and the value of c/ni (see §no), and the deterininalioii of 
the range in air over which these rays produce ionization, or 
photographic or phosphorescent action. 'Phe change in veloc- 
ity and the absorption of the a rays in passing Ihrongh matter 
has also been determined by using such a sourci'. 

150. Theory of Analysis by Absorption Curves. -We have 
seen that the a rays arc absorbed in passing through gases and 
that it requires only a comparatively few centimeters of air to 
completely absorb them, that 'is, they have a (k'Hiiite range 
in air. The a particle in passing through the gas ionizes it, 
and as ionization requires energy the energy is obtained at 
the expense of the kinetic energy of the moving particle, and 
finally its velocity is reduced below that re([uired to pro(luce 
ions and complete absorption is the result, as it is not observ- 
able after it has lo.st its power to ])ro(luce ions, d'he range of 
complete absorption will be different for the a rays from 
different substances, since they arc projected with dilTerent 
velocities. 

Suppose that a thick layer of a single radio-active element 
H (Fig. 71) be placed in the bottom 

A of a deep recess in a lead block so as 

to obtain a defuiite cone of a rays. 
lA't A, a metal plate, and /i, a sheet 
of wire gauze parallel to A at a 
fixed distance from it of 2 or 3 mm., 
form an ionization chamber. The a 
rays from R come from different 
depths in the material, and therefore 
those arising from the lower layer.s 
will be absorbed more before they 
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emerge into the air than those from the layers nearer the 
surface. Consccinently a rays of velocities extending over 
a considerable range will emerge 'at the surface and ionize 
the air. If the chamber AB be placed above the source at 
a distance beyond the range of the swiftest particles no 
ionization will be produced in AB since no rays will reach 
it with sufficient velocity to ionize. The area of both A 
and B .should be great enough to cover more than the whole 
cross-section of the cone of rays. If AB is gradually lowered 
the rays of greatest range will first enter it and produce a 
small amount of ionization, and on lowering it still farther the 
rays of next greatest range will reach it and increase the 
ionization. By continuing to lower AB the ionization will 
gradually increase, because more and more rays enter it the 
nearer it is to the source. Consequently, if a curve be plotted 
showing the relation between ionization and distance from the 
source it would take the general form of the straight line MN, 
I'ig. 72, where the ordinates represent distance from the source 
and the abscis.snc the ionization. The ionization increases as 
the source is api)roached. 

1 f however a thin layer of ma- 
terial be used at R instead of the 
thick one the rays will be much 
more nearly homogeneous. The 
gradual increa.se will take place 
over a much .shorter range and 
within a certain distance of the 
.source all the rays will enter AB 
and the curve will take the form 
/1/BAh At the distance correspond- 
ing to I* all the rays enter AB and 
therefore the ionization docs not 
increase any more by further approach towards the source. 

If a thin' layer of a complex radio-active body consisting of 
two or more active elenients, from each of which a group of 
ray.s arises with initial velocity different from the others, be 
used as source the curve will be a little more complicated and 
will take the general form .shown in Fig. 73, supposing the 
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source consists of a mixture of three simple substances. The 
part RS corresponds to the rays from one source which arc of 
greatest range, and if these were the only ones present the 
curve would, continue along the dotted line. S\-l. At the distance 

corresponding to .S' the 
group of rays from the 
second source of next 
greatest range make 
their appearance in the 
ionization chamber and 
constitute the ])art .S’'/’ 
whicli, if there were, no 
more, would continue 
along TB. Similarly the 
third .source corrcspoiuls 
to the part 7 '/b 'I'his 
method of investigation furnishes a powerful method of 
analysis in certain line.s, and by its application the ])resence of 
some of the radio-elements have been lirsl discovered. 

151. Experimental Arrangement for Analysis. The appa- 
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for this ty]K' of investigation. PM is a metal box about 25 
cm. S(|uare. /I is the upper plate of the ionization chamber 
consisting of a central plate, about 12 cm. square surrounded 
h\' a guard-ring. 'I'lie central plate is insulated and supported 
by the ebonite arches c and d. B is a sheet of wire gauze 
of line wire but wide meshes of about 2 or 3 mm. supported 
and insulated by elionite blocks, as shown, at a distance of 3 
nun. from . 'Phis whole .sy.stem is supported from the cover 
of the b(^x. 

"riie recc'ptacle R for holding the radio-active body consists 
of a brass block about 3 cm. s(inarc made in two sections. The 
lower half has a .shallow recess cut in the center of the upper 
face, while the tipiier half has a corresponding central hole 
of less dianu'ter than the recess in the lower section. The 
two parts are made to fit together in a fixed relative position. 
'I'liey may be* sejiarated and the radio-active body placed in 
the recess of the lower section and then the upper one placed 
over it .so that the radiations can emerge only through the hole 
in the upper block, This is siipiiorted on an upright H which 
passes Ihrongli an o]H‘ning in the bottom of the box, and which 
may be movesl vertically by a screw and the distance of R from 
. / measured by a scale along the side. The source of rays 
can tlnis be placed at any di.stancc from A and the ionization 
in . in measnreil in the usual manner. 

Place about 5 milligrams of radium bromide in R and meas- 
ure the saturation current between A and 7 ? for different dis- 
tanee.s of R from A over a range of about 8 cm. Plot a curve 
with distances ;is ordinates and current as alxscissse. Observe 
the tlinVrenl straight line sections of the curve showing the 
complex nature of the .source. 

Heat a s[)ecinien of this radium bromide to drive off its 
emanation ami other iirochicls and then redetermine the curve. 
{ Jbserve lliat it is of a much simpler character than in the 
former in.stanee, showing that the .source is less complex. 

h'.xpose a thin cojiper wire in radium emanation for a couple 
of hours to obtain an active depo.sit upon it. Remove the wire 
and use the ratiimn C as the source of radiation as described 
in § tqp. Using the .steady deflection method determine an 



228 


ANALYSIS BY ABSORPTION CURVES 


experimental curve for current and distance for the radium C. 
The curve should take the form shown in Fig. 75, which i.s a 
specimen curve obtained by actual experiment in an investiga- 
tion by the author. Since the radium C decays during the time 
of the observations, the readings must be corrected for the 

decay of the .source. This 
may l)e done by bringing 
the source R 1)ack to a 
fixed position after aliout 
every four or five readings 
and measuring the current 
for that ]X)si(ion, and at the 
.same time observing the 
lime intervals. The rate 
of decay can thus be ob- 
served and llu' nece.ssary 
correclion made for a con- 
st an I source. 

If a samjile of radiotho- 
rium is available tUdermine 
a corre.sponding curve, 
using it as the .source of 
rays. Tt will be found to 
consist of two di.stinct 
parts, .showing the com- 
plexity of the source. It was by a determination of this very 
curve for radiothorium that TIahn discovered the iireviously 
unknown or unsuspected suh.stance, thorium C. 

Thc.se experiments all show that the a particles emitted by 
different radio-active substances have definite ranges over 
which they will produce ionization and that the ionization stops 
abruptly at given distances from the source, the.se distances 
depending upon the velocity of initial projection. 

Instead of detecting the a rays by the ionization produced, 
their presence may be detected by the scintillations produced 
on a zinc sulphide screen. Their range of action sliould he 
determined by this method and it will be found to be the same 
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RADIO-ACTIVITY OF THE ATMOSPHERE. 

152. Loss of Charge in Closed Vessels. — Make an electro- 
.scope of the form .shown in Fig. 14 of about 500 c.c. in volume, 
hor thi.s jnirjtose a perfectly new one should be made, and do 
not midcr any circumstances use one that has been connected 
in any way whatever with other radio-active measurements. 
Ill adcliliou, i' 7 rry portion of the material used in its manufac- 
ture .slioiild 1)0 ah.solntely free from the slightest chance of pre- 
vious conlainination by any radio-active body, and all the 
mea.su renient.s which arc to follow should be made in a labo- 
ratory where no radio-active material has ever been used. 

l'\n* this purpo.se it will he found convenient to select a brass 
tube about 8 cm, (liameter and 10 cm. long for the containing 
vessel. C'ltise the cuds by brass plates so as to be air-tight. 
'J'horoughly clean every portion of the surface of the brass 
with emery jiaper. Arrange the insulated system as in Fig. 
14. Instead of the charging arrangement F, attach a very 
llt’.xible jiiece of steel watch sjiring to the lower end of the 
rod /I, as shown in (a), h'ig. 14, and bend it into a convenient 
shape so that it will not touch the sulphur head and will also 
hang clear of the lower rod //, but so that the lower end of the 
.spring may be brought temporarily in contact with H, either by 
bringing a strong magnet near it or by tilting the whole elec- 
tro.scope and slightly jarring it. Thi.s arrangement will allow 
tlie in.stnnnent to be made ga.S"tight. 

Set this electrosco[)C up in a room perfectly free from the • 
.Hlightest contamination from any radio-active material and fill 
it with perfectly dry and dust-free air. Charge up the gold 
leaf .sy.stem to ahout 200 volts and observe any slow movement 
of the gold leaf in the usual way by a reading microscope with 
micrometer eye-piece. During these readings keep the rod D 
permanently connected to a battery of 200 volts. 

229 
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Observe that the potential of the jj^ohl leaf system slowly 
decreases. This decrease cannot he due to iiiiperrect insula- 
tion of the sulphur head, for since 71 is niainlained at a con- 
stant potential as high or higher than the gold leaf any leakage 
across the sulphur would take place from I) to the gold leaf 
instead of the other way and tend to maintaiu the potiuitial of 
the gold leaf instead of allowing it to decrease. 'The h-akage 
must then he through the air and must therefore he due to the 
presence of ion.s in the air. 

Determine the electrostatic cajiacity of the eleclroscoj)e and 
measure the current per second corresponding to this slow 
leak, and, assuming the charge on the ion (§Xi ), calculate the 
numher of ions produced in the air per second in the volume 
contained in the electroscope and then deterniine the numher 
per cubic centimeter, 

A great variety of experiments of this nature have been 
performed by a number of observers and it is found that there 
are always a few ions present in the air or any other gas, hut 
the number varies somewhat under different eoudilions. ( lases 
thus always possess at least a small amount of condnelivily. 
Every electroscope has therefore what is usually termed its 
natural rate of leak, and in using the electroscope for making 
radio-active measurements this natural rale of leak must 
always be independently determined and subtracted from the 
total rate of leak. 

153. Effect of Conditions on the Natural Leak. Mi-asure 
this natural rate of leak for the air at ditTerent pressures in the 
electroscope. Note that it is approximately proportional to the 
prCwSsure. Measure also this natural conduclivily for various 
gases at the same prc.ssure and note that the greater the density 
the greater the conductivity, although it is not ((uite propor- 
tional in all cases. 

If the electroscope be surrounded imdernealli and on all sides 
by lead sheets about 5 cm. thick the natural rate of leak will 
be diminished by quite a large percentage, but a further increase 
in thickness of the lead will cause no further dhuiimlion in the 
conductivity. This indicates that part at least of the natural 
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coiuliictivity is dnc to a very penetrating radiation of some sort 
from the. earth and air. 

154. Excited Activity in the Atmosphere.— Suspend a cop- 
per wire, 12 or 14 meters long, in the open air and keep it 
charged to a high negative potential of about 10,000 volts for 
an hour or two l)y connecting it to the negative pole of a Wims- 
hurst machine. '.Phen remove it and quickly wind it back and 
forth on an o]H'n rectangular framework about 80 cm. long and 
20 cm. wide. Snsi^end and insulate this frame in the centre of 
a metal cylindc'r of al)fnit 25 cm. diameter and 100 cm. long. 
'Pest in the usual manner by means of a sensitive electrometer, 
for an ionization current hetween the cylinder and this wire 
acting as the central electrode. The wire will be found to be 
radio-active and to act in all re.spccts like a wire made active by 
exposure to an emanation. The activity of the wire can be 
parlia,lly removed by rubbing and by dipping the wire in acid 
solnlion. It also decays with time, falling to half value in about 
three (iviarlers of an hour. Obtain a decay curve for it in the 
usual manner. 

Since under no other circumstances has an active deposit 
of this nature been obtained except in the presence of an ema- 
nation it appears from these results that there must be an 
emanation of some sort in the atmosphere. This question 
has been investigated by different observers using different 
methods, and it has been shown that both radium and thorium 
eniatiations are present in the atmosphere. The amount of 
these emanations in the atmo.spherc is different in different 
localities. 'Plu* excited activity obtained on a negatively 
charged wire in the air is due to a mixture of the active 
deposits from both radium aud thorium, but on account of the 
very rapid decay of thorium emanation most of the activity 
arises from tlie radium emanation. It is not surprising that 
tlu'sc emanations should he found in the atmosphere, for since 
both radium ami thorium are known to be distributed among 
ditTerent deposits ihronglumt the earth the emanations must 
he eontimially diffusing into the atmosphere in small quantities. 
The presence of this radio-active matter in the air will explain 
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to some extent at least the natural conductivity of the 
atmosphere. 

If freshly fallen snow or rain he collected and quickly evapo- 
rated to dryness in a platinum vessel the residue will be found 
to be radio-active if tested by an electroscope, Tlii.s active 
residue acts in a manner similar to that of the active dc'posit 
obtained on the negatively charged wire exposed to the atmos- 
phere. The rate of decay of the active residue, from snow 
or rain is a little more rapid than the rate of decay of the 
active deposit on the wire. The falling rain or snow appar- 
ently carries clown this active matter from the atmosphere and 
it remains behind after evaporation of the rain or snow. 

Meteorological conditions arc observed to innucnce the amount 
of excited activity obtainable from the atmosphere to a con- 
siderable extent. The amount of excited activity is sulqect 
to great variations. The activity is greater at the temi')cra- 
turcs below 0° C. than at those above 0” C. The lowering of 
the barometric pressure causes an increase in the amount of 
excited activity. 

155. Present State of the Subject of Atmospheric Ioniza- 
tion. — The whole subject of the radio-activity of the atmos- 
phere is a wide one, as there is such a variety of existing con- 
ditions to be taken into account. It is influenced l)y meteoro- 
logical conditions, by the prcvscncc of any radio-active de- 
posits in the neighborhood and by particular local condilioms. 
There arc also different kinds of radiations which unite to 
produce this conductivity of the air, .some of which are very 
easily absorbed and others of which arc extremely penetrating. 
The conductivity is so complex and also subject to such fluctu- 
ations that it is difficult to obtain perfectly definite rcsult.s on 
which a satisfactory general explanation may be based. A 
great deal of work has been done on this subject, hut there still 
remains a considerable amount of very careful investigation to 
be carried out in order to place the subject on a .satisfactory 
basis. 
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effect of conditions on, 198 et 
scq. 

partial destruction of, 199 
restoration of, 199 
rel.ation to active deposit, 208 
Emanation 

discovery of, from thorium, 190 
properties of, from thorium, 190 
gaseous nature of, 192 
(Hffusion of, through solids, 192 
decay of, from thorium, 194 
continuous emission of, 196 
from radium, 196 
from actinium, 197 
effect of conditions on emission 
of, 198 

condensation of, 200 
temperature of volatilization of, 

201, 203 

rate of decay of, at low tem- 
peratures, 202 

phosphorescent action of, 202 
source of, 203 et seq. 
as source of excited radio- 
activity, 206, 207 
as source of thorium A, 210 
in the atmosphere, 231 
Energy 

absorption of, of a rays in 
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effect of dn.st on, 200 
exidanation of decay curves, 
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production of clouds by, ti8, 
130 ct seq. 
apparatus for, 118 

Earad.ay dark space, 4 
Fatigue 
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ray.s, 4t 
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Flamc.s 

conductivity of, 115 ct scq, 
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Flcu.ss pump, 3S 
Focu.s tube 

simple form of, 53 
acttiiiK up of, 58, 67 
automatic type, 64 
mauipulation and care of, 67 

7 rays 

from uranium, 143 
nature of, 143, i8i 
penetrating power of, t43, 144, 
161, 163, 1164 
from thorium, i<|4 
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from radium, 144 
non deviabilily of, 151, i8i 
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photographic action of, 156 
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absorption of by rJuics, id4, id7 
origin of, 18a 
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tluard-ring, 77 
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Hertz 

penetration of Hulbl body by 
catliode rays, 40 
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of a rays, 223 
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of electroscope .scale, 30 
Incnndescetit solids 
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viilite of c/m for ions from, 1 1 1 
Inertia 

apparent inertia due to motion, 
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Insulation 

test of, in electrometer, td 
different materissk used for, 18 
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Insulation 

precautions in regard to, 19, 20 
charging of surface of, 19 
location of defective, 19 
Ionium 

parent of radium, 218, 222 
Ionization 

by Rnnigcn rays, 60 et seq. 
theory of, 74 

elTect of (ptality of rays on, 64, 
78 

effect of distance Ijctween plates 
on, 73, 131 

elTect of pressure of gas on, 
as, 168 

effect of nature of gas on, 87, 
132 

by collision, 104 
by cathode rays, los 
by ultra-violet light, 108, 109 
by incandescent solids, in et 

Sl'tl. 
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by uranium rays, 129 ct scq. 
effect of thickness of material 
on, 1 31 

l)y other radio-active bodies, 
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flection, 13(5 

as method of differentiation, iS3 
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rays, iS3 

as method of lest compared with 
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jiroportional to ahsorption, 167 
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of gases, 74 et seq. 
recombination of, 88 et seq. 
difTusion of, 93 ^t scq. 


Ions 
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mobility of, 98 et seq. 
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by ultra-violet light, 107, 109 
from incandescent solids, iii 
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from flames, 115 
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chai'ge carried by, 124 
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Kaufmann 
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Keys 

special for electrometer use, 20 
T.,angevin 

recombination of ions, 91 
I.ead 

as screen for Rontgen rays, 57 
Lenard rays, 49 et scq. 

Marx 

velocity of X rays, 53 
Mass (see also charge) 

of cathode ray particle, 49 
apparent mass of jS particle, 176 
due to electric charge in mo- 
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of a particle, 180 
Measurement 

general methods of, for X rays, 

69 

Mercury cups 

for electrometer connections, 21 
Mercury interrupter 

use of, with X ray bulb, 68 
Mesotborium, 217 
Metabolon, 220 
Microscope 

use of, with electroscope, 30 
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Mobility of ions, 98 
Moisttire 

clTcct on insulation, 10 
clTect on mobility of ions, 99, 
103 

effect on emission of emanation, 
198 

Natural leak 

of electroscope, 35, 230 
in closed vessels, 229 cl seq. 
effect of conditions on, 330 
Needle 

of electrometer, 9 
potential of, 9, 10, 12, 15 
Negative p;low, 4 
Nuclei 

dust particles as, 118, 121 
ions as, 118, 121 ct scq. 
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of p particles emitted, 173 
of a particles emitted, 175 
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of gas in electric discharge 
tubes, 4, 37 
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Paraffin 

as insulator, 19 
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condenser, 34 
Penetrating power 

of Rcintgen rays, 55 el seq., 64, 
79 el seq. 
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Period 

of recovery of uranium, 185 
of decay of Ur. X, 185 
of recovery of thorium, 186 
of decay of Th. X, 186 
of recovery of actinium, 186 
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di'finition of, 1H9 
of decay of thorium emana- 
tion, 1 95 
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of decay of railiuin emanation, 

197 
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of transformation of meso- 
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Perrin 

charge carried by cathode rays, 
43 

Phosiduir-bronre 

as eleetrometer suspension, xj 
Phosphorescence 

due In cathode rays, ft, 40 
due to Ubntgen rays, §3, 55 
of uranium salts, 127 
as method of differentiation, 
IS3 

by different types of rayi, r§7 
of emanations, aoa 
I’luwiihnrescent 

screen for use with X rays, 55 
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effect, 107, 109 
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Photographic action 

of Rontgen rays, 59 
of rays from uranium, 128 
of rays from thorium, 133 
as means of differentiation, 153 
test compared with ionization 
test, 156, 184 
of Ur. X, 184 
Pitch-blende 

activity of, 133 
as source of polonium, 134 
as source of radium, 134 
as source of actinium, 135 
Platinum 

ionization from heated, 112 
Polonium 

discovery of, 134 
decay of activity of, 134 
nature of radiations from, 134, 
152 

devoid of emanation and ac- 
tive deposit, 208 
Positive column 
definition of, 4 
change in length of, S 
Potential 

to produce spark, i, 2 
of electrometer needle, 9, 10, 12, 
IS 

Pressure 

effect on electric discharge, 3 
effect on ionization, 85, 168 
effect on absorption of a rays, 
168 

effect on emission of emana- 
tion, 198 
Pumps, 35 

Quadrant electrometer (see elec- 
trometer) 

Quartz 

as electrometer suspension, ii 
use of, with ultra-violet light, 
108 


Radiations 

emitted by uranium, 127 et seq., 
141 

photographic action of, 127, 128, 
156 

discharging power of, 129 
emitted by thorium, 133, 144 
emitted by polonium, 134, 152 
emitted by radium, 134, 144 
emitted by actinium, 135 
complexity of, 141 et seq., 159 
different types of, 143 
absorption of, 90 et seq., 159, 
162 et seq. 

deflection of, 14s et seq. 
general properties of, 153 et seq. 
methods of differentiating, 153 
relative ionization by, 153 
complexity of /3 and a rays 
from radium, 159 
special constants of, 172 et seq. 
emitted by Ur. X, 184 
emitted by thorium emanation, 

193 

emitted by radium emanation, 

197 

emitted by actinium emanation, 

198 

emitted by thorium products. 
211 

emitted by active deposit of 
radium, 214, 216 
emitted by active deposit of 
actinium, 216 

emitted by radio-thorium, 217 
emitted by mesothorium, 217 
emitted by radio-actinium, 218 
Radio-actinium, 218 
Radio-active changes 
theory of, 218 
Radio-active elements 
table of, 222 
Radio-activity 

discovery of, 127 
application of term, 133 
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accompaniment of disintegra- 

transformation products of slow 


j tion, 2:9 

change, 215 


! of the atmosphere, 229 et seq. 

relation to uranium, 218 


of snow and rain, 232 

parent; of, 218 


j Radiothorium 

structure of atom of, 219 


I radiations emitted by, 217 

Radium A, 214 


■ analysis of by method of ab- 

Radium B, 214 
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; sorption curves, 228 

Radium C 


j Radiouranium, 218 

as source of a rays, 177, 223' 


. Radium 

rays emitted by, 214 


discovery of, 133 

absorption of a rays from, 227 
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j activity of, 134 

Radium D, 215 

. 1 

j quantity of, in pitch-blende. 

Radium E, 215 

■ ,*■ 

i 134 

Radium F, 215 

■ 

! source of, 134 

Radium G, 215 
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complexity of rays from, 144 

Rain 


1 et seq. 

radio-activity of, 232 


j deflection of ^ rays from, 145, 

Rayless products, 216, 217 

' If 

! 150 

Rayless changes 

1 

j deflection of a rays from, 147, 

discussion of, 220 
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Recombination 
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relative ionization by rays from. 

of ions, 88 et seq. 
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154 

Rontgen 


photographic action of rays 

discovery of rays, S 3 
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from, 157 

Rontgen rays 
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phosphorescent action of rays 

origin of, 53 
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. from, 158 

discovery of, S 3 
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1 complexity of |3 rays from, 159 

velocity of, S 3 


complexity of a rays from, 159 

production of, by focus tube, 41 

. -1 

“ clock,” 173 

phosphorescent action of, S3, SS 
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theory of successive changes in, 

penetrating power of, SS ef seq., 
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188 

59 

i..l 

emanation, igd 

“hard” and “soft” rays, 55, 

[7 

rise of activity with time, 197 

64, 78 


emanating power of, 198 

absorption of, 56 seq., 59, 79 

de-emanation of, 199 

use of lead as screen from, ST' 

as source of emanation, 204 

photographic action of, 59 

r 

excited radio-activity from, 205 

conductivity produced by, 60 et 
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et seq. 
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decay of excited activity from. 

quantitative measurements on, 


211 et seq. 
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transformation products of rapid 

current in air produced by, 70 
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Rutherford 

deflection of a rays, 147 
effect of pressure on ionization, 
169 

curves showing effect of dis- 
tance between plates on cur- 
rent, 171 

velocity and c/m for a rays, 
177 

charge carried hy gaseous ion, 
180 

discovery of emanation, 190 
rays emitted hy emanation, 193 
Rutherford and Hciger 

charge carried hy a particle, 
t74 

numher of a particles emitted, 

174. 175 

Rutherford and McClung 

almorption of X rays hy gases, 

83 

Rutherford and Soddy 

separation of Th. X, 183 
decay and recovery curves for 
uranium and Ur. X, 185 
theory of successive changes, 
1H8, ai8 

ctmdeUHatiou of emanations, aoo 
Rutherford and Thomson 
theory of ionization, 74 

.Saturation 
curve, 73 
current, 73 
exidiination of, 7S 
curve for uranium rays, 13^ 
ScinlilUuions 

hy a rays, 158 

used to count a particles, 17S 
used to delect a rays from 
radium C, saS 
Screening 

of electrometer, 17 
of wire connections, i8 


Screening 

of apparatus from Rdntgen rays, 

57 

Screens 

phosphorescent, 55 

lead as protection from X rays, 

57 

to limit beam of X rays, 57 
Snow 

radio-activity of, 232 
Soddy and Rutherford (see Ruther- 
foi'd and Soddy) 

"Soft" and "hard” X rays, 55. 
64, 78 

Spark, electric 
discharge, 2 

relation of, to potential, 2 
explanation of, 106 
Standard 

test ionization apparatus, 80 
Standard cell 

use of with electrometer, 22 
Standardization 

of electrometer, 22 
of electroscope, 31 
of condenser, 34 
Steady deflection 

description of method of, 136 
Striai, 4 
Strutt 

electrometer condenser, ii 
“ radium clock," 1 73 
Successive changes 
theory of, 187, 2:8 
Sulphur 

as insulator, i8 

precautions in regard to, 19, 28 
bead for electroscope, 28 
condenser, 33 
Suspension 

of electrometer needle, 9, ii, 12 
quartz, ii 

phosphor-bronze, 12 


